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PREFA.CE TO THE SECOND EDITION. 


Many important changes have been made in tbe present edition, 
d3signed to adapt the work more fully to the wants of the higher 
seminaries, where mathematical demonstrations are required of the 
classes in Natural Philosophy. With this view, the two first Parts 
nave been almost wholly rewritten, and upon a different plan of 
arrangement. Some subjects which were perhaps too fully treated 
m the first edition, — as, for example, Crystallography, — have been 
reduced, while others have been expanded to meet the just propor- 
tions of a harmonious treatment. These remarks apply also to Part 
Third (the Physics of Imponderable Agents), and especially to 
Optics and Heat. In the latter chapter some topics have been 
omitted which are more appropriately treated in Chemistry. 

The mathematical demonstrations, while they are designed to be 
as siiqple as possible consistent with exactness, are believed to be 
as full and rigorous as are demanded in institutions where only 
geometric and algebraic methods are used. Analytical methods 
have not been introduced, as the book was not designed for the 
comparatively limited number of colleges where the higher mathe- 
matics are employed in teaching Physics. 

The questions at the foot of the pages in the first edition, have 
been omitted, to gain space for a considerable number of practical 
problems (mostly original,) designed to exercise the student in the 
application of the principles and formulae found in the text. To 
aid in the solution of these, and to assist the teacher in the con- 
struction of additional problems, numerous physitau Tables have 
been aided in the Appendix. 

The plan of using two kinds of type, resorted to in the first 
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edition, Has been continued with more particularity in this THe 
book is thus adapted to the use of the general reader, and to stu- 
dents who seek only a knowledge of general principles. 

These changes and additions, the author believes, entitle this 
edition more fully to the encomiums bestowed on the first by many 
of the ablest physicists and most experienced teachers in this 
country. By the liberality of the publishers, numerous additions 
have been made to the wood-cuts, while new designs, in numerous 
cases, replace those of less beauty in the first edition. 

The design has been, in this edition, to give to all the depart- 
ments of physical science a just proportion of space, in harmony 
with the general scope of the book. The subject of Mechanics 
and Machines (upon which so many excellent special treatises 
exist) has, therefore, been condensed into a smaller proportionate 
space than it usually occupies in American treatises on Natural 
Philosophy; while such fundamental subjects as Motion, Force. 
Gravitation, Elasticity, Tenacity, and Strength of Materials, arc 
considered at more length. 

The author has freely availed himself of all the sources of infor 
mation within his reach. A list of the works chiefly used in the 
preparation of this edition is appended — to which should be added 
the chief foreign journals, and transactions of learned societies — 
which have been resorted to for the original memoirs quoted on a 
great variety of topics. lie is also particularly indebted for good 
counsel to many scientific and personal friends, the influence of 
whose criticisms on the first edition they will find frequently in 
the present. More than to all others is he indebted to Dr. M. C 
White, of New Ilaven, for his constant attention, both in thf 
preparation of new matter and in the revision of the press. 

Ho also takes pleasure in again acknowledging his obligations 
to Prof. C. II. Porter, of Albany. 

For a final revision of the sheets, and the detection of a number 
of errors which had escaped previous proof-readers, the author 
is indebted to Mr. Arthur W. Wright, Assistant Librarian of 
Yale College. 

Fuller references have been added, especially to American autho- 
rities ; and the author hopes no apology is required for the frequent 
references to the American Journal of Science, which is suj posed 
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to be a work accessible to all American teachers, while the Euro- 
pean journals are rarely so; and references to these would, there- 
fore, be of little practical use to the great majority of readers of 
such a treatise as this. 

As no table of errata is given (all errors thus far discovered 
being corrected), the author will esteem it a great favor if any 
person using the book will communicate to him direct any errors 
of fact or figures which may be discovered. 

New IIaven, October 15, 1860. 


LIST or THE PRINCIPAL WORKS USED IN PREPARING THIS EDITION. 

Cooke. Chemical Physics. Boston, 1860. 

Dagvin. Traits de Physique, tom. 1., II., and III. Paris and 
Toulouse, 1855-1859. 

De la Hive. Treatise on Electricity, 3 volumes. London, 1853- 
1858. 

Ganot. Trait6 de Physique. Paris, 1859. 

Goodwin. A Collection of Problems and Examples.' Cambridge, 
England, 1851. 

Jamin. Cours de Physique, tom. I. and II. Paris, 1858-1859. 
Kahl. Mathematische Aufgaben aus der Physik. Leipzig, 1857 
Miller. Chemical Physics. London, 1855. 

Muller. Lehrbuch der Physik und Meteorologie. Braunschweig, 
1857. 

Potter. An Elementary Treatise on Optics, 2 Parts. Lond. n, 
1851. 

Potter. An Elementary Treatise on Mechanics. London, 1855 
Potter. Physical Optics. London, 185C. 

Wernicke. Lehrbuch der Mechunik. Braunschweig, 1858. 




FROM PREFACE TO THE FIRST EDITION. 


Tnn band-book has been prepared with a view to give a fair exposi- 
tion of the present condition of the several departments of Physics. * 
» * * * * Accuracy of statement, fullness of illustration, 

conciseness of expression, and a record of the latest and most reliable 
progress of science in these departments, have been the leading objects 
in its preparation. 

Only those who have attempted to harmonize and present in due 
proportion the whole of so vast a subject as this, in a compendious 
form, can fully appreciate the labor and difficulties which attend it. 

Without claiming for the present volume any credit more than 
belongs to a faithful digest and compilation from the best authorities 
in modern science, it is hoped that it will be found suited to the wants 
of a large class of both teachers and students. No pains have been 
wanting to secure accuracy both in fact and mechanical execution. 
The publishers have spared no expense to illustrate the book with a 
profusion of wood cuts. Many of these are original designs, or are 
reduced from larger drawings by photography — and others have been 
selected with care from the best standard authors. ****** 
Whenever it was possible, reference has been had to original memoirs 
in Journals and Transactions, and in this way many errors current in 
works of inferior authority have been corrected. With but few excep- 
tions, references to foreign memoirs have been omitted in the text, as 
their insertion could profit only a very small number of readers, and 
might seem pedantic. Not so with respect to names of discoverers of 
important principles and phenomena. A great number of names of 
these will be found in the text, in their proper places, and not unfre- 
quently the dates of birth, or death, or both, are given. 

Every teacher must have observed that an abstract principle is 
often fixed in the memory by the power of associated ideas, when it is 
aonne tied with a date or item rf personal interest, as the attention t, 
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awakened by the dramatic far more than by the didactic. Hence it 
has been thought Judicious to introduce numerous important dates m 
the history of science. 

#*»###** 

It gives me great pleasure to acknowledge many obligations to Prof, 
Charles II. Porter, M: A., M. D., of Albany (some years my assistant ), 
for his constant and most important assistance in the compilation and 
editing of this book. Preoccupied as my own time has been, I should 
not at times have found it possible to proceed without his valuable 
assistance and excellent judgment. Dr. M. C. White, of this town, has 
also rendered me important aid, especially in Optics, and in the revi- 
sion of the press. 

*****••• 

New Haven, Conn , Oct . 16 , 1858 . 
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PART FIRST. 

PHYSICS OF SOLIDS AND FLUIDS. 

CHAPTER I. 

INTRODUCTION. 

1, Matter. — Matter is that which occupies space, and ii the objoct 
of tense. Our knowledge of the material world is founded : pon expe- 
rience, or the evidence of our senses ; and the conviction thit the same 
causes will always produce the same effectR. 

A definite and limited portion of matter, whether it be a particle of 
dust or a planet, is called a body. The different kinds of matter, as 
water, marble, gold, or diamond, are called substances. Numberless as 
are the various substances known to man, they are all composed of 
a limited number of simple bodies called elements . 

2. Observation and experiment. — By observation we become 
acquainted with those changes, in .the condition and relations of bodies, 
which occur spontaneously in the ordinary course of nature ; but the 
knowledge thus acquired is limited when compared with the results 
of experiment. By the use of proper apparatus we can repeat natural 
phenomena under varied conditions; and, among all the attendant 
circumstances, we can determine what are accidental, and what are 
essential to any given effect. 

Phenomena. — A phenomenon, in the sense in which this word if 
used in science, is any event taking place in the ordinary course of 
nature. Thus the changes of the seasons, the fall of rain or dew, the 
burning of a fire, and the death of an animal, are more truly pheno- 
mena of nature than those more rare or alarming events to which in a 
vulgar sense this word is usually confined. 

** 


(i) 
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still the same substance. A bar of iron, by contact with alodest.net 
acquires new properties, which we call magnetic, but its color, form, 
and weight remain unchanged. A glass tube or plate of resin rubbed 
by dry silk or fur becomes electrical, in virtue of which property it 
will attract or repel light bodies. These changes, which do not destroy 
the specific identity of the substance, are termed physical changes. 

But in a damp atmosphere the iron bar is soon covered with rust, 
from the action of oxygen (one of the gases of the air) upon the iron. 
The same change follows the action of water alone. In this latter case . 
the water is decomposed, and with great activity if a dilute acid is 
present. The oxygen of the water combines with the iron, while the 
hydrogen escapes as a gas, and thus the specific identity of both sub- 
stances is destroyed. Such changes, destructive of specific identity , are 
called chemical changes. 

8. Physical and chemical properties of matter. — The changes 
of matter just notifed correspond to its physical and chemical proper- 
ties. Gold possesses certain specific properties, depending solely on its 
physical qualities ; its density, lustre, color, form, malleability, and its 
high point of fusion, are all qualities of gold which can never be lost 
without an essential change of its nature, and are therefore termed 
physical properties. Exposed however to the action of chlorine and 
certain other agents, gold loses its specific identity, and becomes, as it 
were, a new substance, while the same change passes equally upon the 
agent by whose efficiency the transmutation is effected. Such changes 
of matter, involving an essential loss of specific identity, depend on the 
chemical properties of matter. 

9. Physics and Chemistry. — It is plain that the distinctions 
just pointed out are fundamental, in the nature of things, and that out 
of them spring two entirely distinct, although nearly related, branches 
of human knowledge, namely, Physics and Chemistry; the former is 
more frequently called, in this country, Natural Philosophy; a term 
too comprehensive in its general significance for an exact definition. 
Now as all substances possess both physical and chemical properties, 
it is plain that a thorough knowledge of either branch involves seme 
familiarity with the other. But, the natural order of knowledge con- 
sists in obtaining first a familiarity with the general properties and 
laws of matter, and subsequently the specific properties. Physical 
knowledge therefore naturally precedes chemical. 

10. Vitality, or the principle of life, is recognized as a distinct 
force in nature, controlling both physical and chemical forces ; by its 
action inanimate or unorganized matter is transformed into animate 
and organized existences. Thus, out of air, water, and a few mineral 



GENERAL PROPERTIES OP MATTER. fi 

substances, all living forms, both anim&l and vegetable, are built up 
by the chemistry of life. After a life of definite duration, they die, 
and their structures dissolve again into the inanimate bodies out of 
which they grew. They are subject to the general laws of matter, but 
these laws are often modified, and sometimes directly opposed by the 
action of that unknown power which we call the principle of life . The 
description of organized bodies constitutes the science of Natural 
History. 

11. Light, Heat, and Electricity are terms employed to dis- 
tinguish certaiu phenomena, or forces in nature, connected with, or 
growing out of the changes of matter, physical or chemical, or both. 
They are supposed by most physicists to be dependent on the existence 
of certain hypothetical fluids, or on the vibrations of an assumed 
ethereal medium. As these fluids, or forces, are without weight or 
other sensible properties of ordinary matter, they are termed, by many 
writers, the imponderable agents, or simply im^bnderables. What 
the spirit is to the animal body these mysterious agents are to lifeless 
matter. 


CHAPTER II. 

GENERAL PRINCIPLES. 

1 1. Definitions and General Properties of Matter. . 

I. ESSENTIAL PROPERTIES. 

12. The essential properties of matter are (1) magnitude , or 
extension, (2) impenetrability . We cannot conceive of matter with- 
out magnitude, and it is equally clear that the space occupied by any 
given particle of matter cannot, at the same time, be occupied by any 
other particle. 

All the other general properties of matter, however universal they 
may be, ha^e been madfe known to us by observation and experiment, 
and are not essential to the fundamental notion of the existence of 
matter. The accessory or non-essential properties of matter are, 1, 
Divisibility, 2, Compressibility, 3, Expansibility, 4, Porosity, 5, Mo- 
bility, and, 6, Inertia. 

13. Magnitude or extension. — Extension is the property which 
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every body possesses of occupying a portion of space. The amount of 
space so occupied by a body is called its volume . 

Every body has three dimensions, length, breadth, and thickness, 
the external boundaries of which are surfaces and lines. The exact 
measurement of these three dimensions is the foundation of all exact 
krowledge in experimental science, and demands the adoption of cer- 
tain arbitrary units of comparison. 

14. Impenetrability. — The power of a body to exclude all other 
bodies from the space occupied by itself is called impenetrability . This 
property is possessed by all forms of matter. Air may be compressed 
indefinitely, perhaps, but the mechanical force required for its com* 
pression is at once the evidence and the measure of its impenetrability. 

A stone dropped into the water displaces its own bulk of the fluid, 
but does not penetrate its particles. A nail driven into a boaVd only 
displaces certain particles of the wood, whose resistance or elasticity 
imparts to the nail its power of adhesion. 

The union of these two properties, extension and impenetrability 
gives exactness to our fundamental notion of matter. Neither alone 
will suffice to produce a body. The image in a mirror is not a body, 
for behind the mirror, where the image appears, is the wall, or perhaps 
another body. The shadow of any object in the sunlight has exten- 
sion, but, as it is not impenetrable, it is not a body. 

15. The three states of matter. — Matter is presented to our 
senses in three unlike physical states, viz., solid , liquid , and gaseous. 
Tho last two states are more comprehensively called fluids. These 
three physical conditions of matter represent the opposite action of the 
forces of attraction and repulsion. But as these interesting relations, 
and the physical laws governing them, are fully discussed under their 
appropriate heads, it is needless to do more than refer to them here. 
(146 ° 

II. ENGLISH AND FRENCH SYSTEMS OF MEASURES. 

16. Units of measure. — In order to determine with accuracy 
the volume of solids and the area of surfaces or the length of lines, 
some arbitrary unit of extension must be adopted. Of the three 
geometric degrees of extension the unit of length is the only one which 
need bo arbitrary, since by squaring it we may measure surfaces, and 
by cubing it we can measure solids. In early times the weight of 
grains of wheat, (“thirty-two of which, from the midst of the ear, 
were, a. d. 1266, declared to be equal to an English penny, called a 
sterling,”) or the length of “ barley corns” (three to an inch) gave the 
rude basis of legal units of weight and measure in England, and, long 
After, by adoption in the United States. 
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17. English units of length. — The yard is the English unit of 
length, adopted both in Great Britain and America. It appears to 
have had its origin about a. d. 1120, in the reign of Henry the First, 
*• who ordered that the ulna, or ancient ell (which corresponds to the 
modern yard) should bo made of the exact length of his own arm, and 
that the other measures of length should be based upon it.” Tho yard 
is divided into thirty-six inches. 

In 1824 it was enacted by tho English Parliament, that if at any 
time the standard yard should be lost, defaced, or otherwise injured, it 
should be restored by making a new standard yard, bearing the same 
proportion to a pendulum vibrating seconds of mean time in the Nlti- 
tude of London, in a vacuum and at the level of the sea, as 36 inches 
bears to 30.1393 inches, the latter being the length of tho pendulum 
vibrating seconds at London. 

In 1834 the Parliament House was destroyed by fire, and with it the 
standard yard. The measurement of the seconds' pendulum, as given 
above, was subsequently found to be incorrect, and the commissioners 
appointed to consider the steps to be taken to restore the lost standard, 
recommended the construction of four standard yards from the best 
authenticated copies of tho old standard. These duplicates (a copy of 
which exists in the U. S. Mint) are the basis of English and American 
standards of length. 

The subdivisions and multiples of the yard are given in Table I., at 
the end of this volume. 

Nearly all the English units of surface are squares whose sides are 
equal to the units of length. The square and cubic inch are the units 
most frequently employed for scientific purposes. 

The measures of capacity are related to those of length, by tho deter- 
mination that a gallon contains 277.274 cubic inches. (§ 101.) 

Where volume can be calculated from linear measurements, it is 
usual to estimate it in cubic yards, cubic feet, or cubic inches. In this 
way earth-work and masonry are measured. 

18. The French system of measures originated with the great 
revolution in France, when all regard for ancient institutions was 
repudiated. A commission of the members of the Academy of Sciences 
was appointed, who developed a decimal system, which was at onco 
adopted. They proposed that the ten-millionth part of the quadrant 
of a meridian of the globe should be assumed as the basis of a new 
metrical system. This was called a metre , and subdivisions and mul- 
tiples of this unit were made on the decimal system. The metre is 
equivalent to 39.37070 English inches, or 30.30850535 American 
inches. Later determinations have shown that the length of ths 
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standard metre is not precisely the one ten-millionth part of a quad* 
rant. Thus it appears that the metre of France is a standard of 
measure not less arbitrary than the English yard. 

The French metre is subdivided into tenths, called decimetres ; hun- 
dredths, or centimetres ; and thousandths, or millimetres .* The names 
of the multiples are as follows : the decametre , ten metres ; the Jiecto 
metre, one hundred metres; and the kilometre, one thousand metres. 
This last length is equal to about two-thirds of an English mile, and 
it is the ordinary road-measure in France. 

The French units of surface are squares, whose sides are equal to 
the* units of length. The common French measure of land is the 
square decimetre, which is called an are. 

The measures of capacity are connected with those of length by 
means of the litre , which is a cubic decimetre, (or a cube measuring 
3.937 English inches on the side). It is equal to 1.705 Imperial pints, 
or somewhat more than 1} English pints. (See Table I.) 

The cubic metre is the measure of bulky articles, and has received 
the name of stere. The stere, as well as the litre , and the are, have 
decimal multiples and subdivisions, named like those of the metre. 

The connection of the system of weights with those of capacity and length is 
explained in £ 100. 

III. ACCESSORY PROPERTIES OF MATTER. 

19. Divisibility. — By mechanical means matter may be reduced to 
an extreme degree of comminution. By chemical means, and the pro- 
cesses of life, this subdivision is carried very much farther. A few 
illustrations of each of these kinds of divisibility will suffice. 

Gold is beaten into leaves so thin that one million of leaves measure 
less than an inch in thickness. A bar of silver may be gilded, and 
then drawn into wire so fine that the gold, covering a foot of such 
thread, weighs less than of a grain. An inch of this wire, con- 
taining of a grain, may be divided into 100 equal parts dis- 
tinctly visible, and each containing of a grain of gold. 

Under a microscope magnifying 500 times, each of these minute pieces 
may be again subdivided 500 times, each subdivision having to the eye 
the same apparent magnitude as before, and the gold on each, with 
itB original lustre, color, and chemical properties unchanged, repro- 
sents •S.twJw.VJJV P arfc of th0 origin quantity. 

Dr. Wollaston, by a very ingenious device, obtained platinum wire 
for the micrometers of telescopes, measuring only ^ of an inch in 
diameter. Though platinum is nearly the heaviest of known bodies, a 


• The smaller measures are named by Latin, the larger by Oreek numbers. 
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mile of such wire would weigh only a grain, and 150 brands cf it 
would together form a thread only as thick as a filament of raw silk. 

A grain of copper dissolved in nitrio acid, to -which is afterwards 
added water of ammonia, will give a decided blue color to 392 cubie 
inches of water. Now each cubic inch of the water may be divided 
into a million particles, each distinctly visible under the microscope, 
and therefore the grain of copper must have been divided into 392 
million parts. 

One hundred cubic inches of a solution of common salt will be ren- 
dered milky by a cube of silver, 0 001 of an inch on each side, dissolved 
in nitric acid, and the magnitude of each particle of silver thus repre* 
sente the one-hundred billionth part of an inch in size. To aid the 
student in forming an adequate conception of so vast a number as a 
billion, it may be added that to count a billion from a clock beating 
seconds, would require 31,088 years continuous counting, day and 
night. 

Minute division in the animal and vegetable kingdoms. — The 

blood of animals is not a uniform rod liquid, as it appears to the naked 
eye, but consists of a transparent colorless fluid, in which float an innu- 
merable multitude of red corpuscles, which, in animals that suckle their 
young, are flat circular discs, doubly concave, like the spectacle glasses 
of near-sighted persons. In man, the diameter of these corpuscles is 
the 3500th of an inch, and in the musk-deer, only the 12,000th of an 
inch, and therefore a drop of human blood, such as would remain sus- 
pended from the point of a cambric needle, will contain about 3,000,000 
of corpuscles, and about 120,000,000 might float in a similar drop drawn 
from the musk-deer. 

But these instances of the divisibility of matter are far surpassed 
by the minuteness of animalcules, for whose natural history we are 
indebted chiefly to the researches of the renowned Prussian naturalist, 
Ehrenherg. lie has shown that there are many species of these crea- 
tures, so small that millions together would not equal the bulk of a 
grain of sand, and thousands might swim at once through the eye of a* 
needle. These infinitesimal animals are as well adapted to life us the 
largest beasts, and their motions display all the phenomena of life, 
sense, and instinct. Their actions are not fortuitous, but are evidently 
governed by choice, and directed to gratify their appetites and avoid 
the dangers of their miniature world. The stagnant waters of the 
earth (and sometimes the atmosphere) everywhere are populous with 
them, to an extent beyond the power of the imagination to conceive 
their numbers. Their silicious skeletons are found in a fossil state, 
forming the entire mass of rocky strata, many feet in thickness and 
4 
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hundreds of square miles in extent. The polishing-slate near Bilu>, 
in Bohemia, contains in every cubic inch about 41,000 millions of these 
animals. Since a cubic inch of this slate weighs 220 grains, there must 
be in a single grain 187 millions of skeletons, and one of them would, 
therefore, weigh about the one 187-raillionth of a grain. The city of 
Richmond, Va., has been shown by Prof. Bailey^to rest on a similar 
deposit of silicious animalcules of exquisite form. It is impossible to 
form a conception of the minute dimensions of these organic structures, 
and yet each separate organ of every animalcule is a compound of 
several organic substances, each in its turn comprising numberless 
atoms of carbon, oxygen, and hydrogen. It is plain from these exam- 
ples that the actual magnitude of the ultimate molecules of any body 
is something completely beyond the reach equally of our senses to per- 
ceive, or of our intellects to comprehend. 

20. Atoms, Molecules. — The ultimate constitution of matter has 
divided the opinions of philosophers from the earliest period of science. 
Two hypotheses have prevailed ; the one, that matter is composed of 
irregular particles without fixed size or weight, and divisible without 
limit ; the other, that “ matter is formed of solid, massy, impenetrable, 
movable particles, so hard as never to wear or break in pieces” (New- 
ton), and which, being wholly indivisible, have a certain definite size, 
figure, and weight, which they retain unchangeably through all their 
various combinations. These ultimate and unchangeable particles are 
called atoms (meaning that which cannot be subdivided). 

While there is no mathematical objection to the assumption that 
matter is infinitely divisible (since no mass can be conceived of, so small 
that it cannot be mentally subdivided), physics and more particularly 
chemistry have shown, from the mutual relations of bodies, that their 
constituent particles possess definite and limited magnitudes. 

The term molecule (a little mass) is more commonly applied to what, 
in chemistry, are sometimes called divisible atoms ; i. e. t to a group of 
two or more atoms, e. g the molecule of water is composed of at least 
two atoms, one of hydrogen and one of oxygen, forming together a 
chemical compound. The phenomena of crystallization show us that 
molecules possess different properties at different points of their sur- 
faces. While their form is unknown, it is assumed that they touch 
each other not at all, or only at a few points, leaving spaces between 
them which bear a large ratio to their own bulk. From this fact result 
the two general properties of compressibility and expansibility, which 
are next to be considered. 

21. Compressibility. — Diminution of volume in solids, by mecha- 
nical means, and by loss of heat, is a fact long familiar to all who are 
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conversant with constructions. Even columns of stone, and Arches, sup- 
porting heavy loads, are found to diminish sensibly from their original 
dimensions by pressure alone. Metals are compressed by coining. In 
liquids it was long believed there was no compressibility, but in reality 
liquids possess this property to a greater extent than solids. 

1 Saxton’* modification of Perkins’s original apparatus serves to 

demonstrate the compressibility of water. A strong metallic ves- 
sel, C, fig. 1, is filled with water, and closed by a dose fitting 
screw plug, B, fig. 2 ; and a perfectly polished cylindrical piston of 
steel, A, passes water-tight through the steel collar, P. When the 
vessel is thus prepared, it is placed in a larger vessel capable of 
enduring great pressure, which is also filled with water. 

Pressure to any extent desired is then applied by means 2 
of a hydraulic press. It is evident that if the water gr 
undergoes diminution of volume when subjected to pros- I 
sure, the piston A must be forced into the cylinder to a I 
corresponding extent. The index T having been placed at 
0 of the scale S, if it is found, after the experiment, nbov ft 
that point, as in fig. 2, it is ovidcnce of a corresponding S 

descent of the piston, duo to compression of the water j§ 

contained in the cylinder C. On romoving the pressure T ft 
the elasticity of the water restores the original bulk. ft 
Water is found, by this experiment, to yield about fifty I- 
millionths of its volume for each atmosphere of pressure, ft 
i. e. t for a pressure of fifteen pounds to a square inoh. 11 

In air and all gases we see the property of com- If* 
pressibility very apparent. The air syringe is an II 
instrument in which a portion of air is compressed “ 
before a solid piston, with the evolution of so much heat as to set fire 
to tinder. 

The return of gases and liquids to their original bulk on removal of 
the condensing force is duo to a property termed elasticity . This 
quality exists in many solids, if not in all, and its consideration will 
be resumed hereafter. 

22. Expansibility. — The expansion and contraction of all bodies 
by heat and cold is a fact sufficiently familiar. Upon it is based the 
construction of all instruments for reading changes of temperature, for 
t description of which the reader is referred to the chapter on heat. 

23. Physical pores. — The facts connected with the compressibility 
of matter, and its . change of form by heat, indicate clearly that 
the atoms of matter (assumed to be unchangeable) are not in contact. 
The spaces existing between them are called 'physical pores , on the 
existence of which depends the property of porosity. Many chemical 
phenomena illustrate the existence of this property. If equal measures 
of aleohol aud water, or of water and sulphuric acid are mixed, the 
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bulk of the resulting liquid is sensibly less than the sum of the two 
liquids before they were mingled. This shrinkage can result only from 
the insinuation of the particles of one substance among the pores of 
the other. 

The great amount of heat developed, during these experiments, is a 
significant fact. These molecular or physical pores of bodies are no 
more sensible to our organs than the atoms themselves, and are per- 
meable only to light, heat, and electricity. 

24. Sensible pores. — It is important to distinguish the molecular 
porosity just described from those sensible openings which give to cer- 
tain substances the property generally known as porosity. The pores 
of organic bodies, as of wood, skin, and tissues, are only capillary 
openings, or canals, for the passage of fluids. Nearly all animal and 
vegetable substances present these sensible pores. The familiar pneu- 
matic experiment — the mercurial rain — is an illustration of the porosity 
of wood. Many minerals and rocks are porous. Common chalk and 
clay are familiar examples. Ilydrophane is a kind of agate, opaque 
whon dry, but translucent when wet from absorption of water. Even, 
gold, and other metals, under great pressure, as in the experiments of 
the Florentine academicians in 16G1, are found to exude water. 

25. Mobility. — We constantly see bodies changing their place by 
motion , while others remain in a state of rest. The capacity of change 
of place, or of being set in motion, constitutes what is called mobility. 

We recognize motion only by comparing the body moving with some 
other body at rest. If that rest is real then the motion is absolute f but if 
it is only apparent then the motion is only relative. Thus, on board ship, 
or on a rail car, the passenger appears to change his place in reference 
to objects about him. But all these objects are equally in motion with 
himself. 

AIL motion on the earth’s surface is relative, because the globe itself 
is impelled by a double movement — of revolution on its own axis, and 
of translation about the sun. 

Rest is also absolute or relative. Absolute when the body occupies 
really the same point in space*— relative when it preserves the same 
apparent distance from surrounding objects regarded as fixed, but 
which are not in reality so. A ship sailing six miles an hour against 
. & current of the same velocity appears to persons on her deck to be 
advancing with reference to the surrounding waves ; but, viewed from 
the shore, or by comparison with objects on shore, she appears at rest. 
Absolute rest is of course unknown on the earth, since every terrestrial 
objoct partakes of the double motion already noticed, and it is doubtful 
if any part of the universe is* in absolute rest, seeing that the sim 



MOTION AND FORCE. 


18 


itself with the whole solar system is carried around with a rapid motion 
of translation in space about a central sun. 

26. Inertia. — No particle of matter possesses within itself the 
power of changing its existing state of motion or rest. Matter has no 
■pmtaneous power either of rest or motion, but is equally susceptible 
to each, according as it may be acted on by an external cause. If a 
body is at rest, a force is necessary to put it in motion ; and conversely, 
it cannot change from motion to rest without the agency of some force. 
A body once put in motion will continue that motion in an unchang- 
ing direction with unchanging velocity until its course is arrested by 
external causes. This passive property of matter is called inertia . 
Descartos first gave definite expression to this law in his “ Principles.” 

When we arc told that a body at rest will for over remain bo, unless it receives 
an impulse from some external power, tho mind at once assents to a statement 
which embodies the results of our constant experience. But it requires s^rno 
reflection in ono who for the first time considers the subject, to admit that 
•bodies in motion will continue to move for ever, unless arrested by external 
forces. Casual observation seems to contradict the assertion. On the earth’s 
surface we know of no motion which does not require force to maintain as well 
as produce it. 

We may observe, however, that all such moving bodies meet, with constant 
obstruction from friction, and the resistance of the air; and that as ono or both 
of these are diminished, the motion becomes prolonged and continuous. 

The fuiniliar apparatus called the wind-will in vacuo is a good illustration of 
tho tendency to continued motion duo to inortia — the usual causes of arrest of 
motion being here greatly diminished. 

The planets furnish the only example of constant motion. These celestial 
bodies, removed from all the casual resistances and obstructions which distuxb 
our experiments at the earth’s surface, roll on in their appointed orbits with 
faultless regularity, and preserve unchanged the direction and velocity of the 
motion which they received at their creation. 

27. Action and reaction. — It follows as a necessary consequence 
of the inertia of matter, that when a body, M , in motion strikes 
another body, M / i at rest, the action of M in imparting motion tD 
M' is exactly equaled by the power of M / to destroy motion in M, 
Hence the law that action and reaction are always equal end oppesite . 
it is here assumed that the bodies impinging are entirely devoid of 
elasticity, and so related that after collision they shall move on as 
one body. It i8 also true for elastic bodies! See { 181. 

2 2. Of Motion and Force 

I. MOTION. 

28. Varieties of motion. — We distinguish the following varieties 
In the motion of a body. 

4* 
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a — A motion of translation , c r direct motion , in which all the point# 
jf a body move parallel to each other. 

6 — A motion of rotation , as of a wheel on an axis, where the dif- 
ferent parts of a body move at the same time in different directions. 
Oscillation or vibration , as in a pendulum, is only a particular case of 
rotation. 

c — A combination of translation and rotation, as in the motions of 
the earth. 

The direction of motion is represented by a straight line drawn from 
the point where motion commences, to the point towards which the 
body is propelled. The direction is rectilinear , when it is constantly 
the same, and curvilinear , when it varies every moment. 

29. Time and velocity. — As all the phenomena of nature may 
be referred to motion, so the succession of natural phenomena gives 
us the idea of duration, or time . Day and night, months, and the 
order of the seasons, are nature’s units of time; but in physics the 
invariable unit of time is the duration of a single oscillation of a pen** 
dulum, called a seconds' pendulum , the time of oscillation being a 
second. The length of such a pendulum at London is 39*14056 
English inches. The distance passed over by a moving body, in a 
unit of time, is its velocity, represented by V in physical formulae. 
This symbol obviously involves both time and velocity. 

30. Uniform motion. — A body moving over equal spaces in 
equal times is said to have uniform motion. It follows from the 
property of inertia that a body in motion, if left to itself, will continue 
its motion uniformly both in time and direction. 

Proposition I. The distance passed over , in uniform velocity , is pro- 
portioned to the time. This follows directly from the definition of 
velocity. Denoting by D the distance passed over, and by T the num- 
ber of seconds, we have 

D= FX T, V— Y> Hnd r =y : ’ 

The first expression is called the formula for uniform motion, and 
the two others serve to calculate the velocity, the distance and time 
being known ; or the time, the distance and velocity being given. 

It follows that if we represent T by one of the longer sides (A B) of 
a parallelogram, A B C iJ, fig. 3, and V by one of 3 

the shorter sides (B C) of the same parallelogram, 
then the area of the parallelogram A B C D represents 
the distance passed over by a moving body in the num- 
ber of seconds denoted by T, 

31. Variable motion. — In varying motion the distances passed 
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over in successive seconds are unequal. In this case, the velocity at 
ftuy given instant, is the relation between the distance traversed and 
the time, considering the time infinitely small ; or the distance tha* 
would be traversed in a unit of time, supposing the motion at the given 
instant to be continued uniform for the unit of time. 

32. Motion uniformly varied. — When the velocity of a body 
increases by a constant quantity in a given time, it is said to be uni 
formly accelerated. The increase of velocity in a second is called its 
acceleration , which will be represented by v. Uniformly retarded, 
motion is where the velocity of the body diminishes by a uniform 
quantity in each second of time. 

Proposition II. The change of velocity in uniformly varying motion, 
at the end of any given time , in proportional to that lime. 

Let u be the initial velocity, that is, the velocity at the Instant from 
which the time is computed, v the acceleration and V the velocity at 
the end of t seconds, then V— u + vl. The sign -f- corresponds to the 
case of uniformly accelerated motion, and the sign — to that of uni- 
formly retarded motion. In the last case the velocity becomes null 
when u = vt , that is at the end of a number of seconds represented 
by jf. The above formula in fact involves this proposition. If we 
then make u = 0, that is, if it be assumed that the motion starts 


from a state of repose, we shall have at the end. of the time t, F= vt 
This is what we announced in stating that the velocity acquired, at the 
end of a given time, is proportional to that time. 

Proposition III. In uniformly accelerated motion the distances passed 
over , by a body starting from a state of rest , are proportional to the 
squares of the times employed. 

Representing the time by the lino A B, fig. 4, and the velocity at 
the end of the given time by the line B C, 4 

divide the time A B into minute equal 

parts, A-l, 1-2, 2-3, 3-4 

The velocities acquired during the times 
represented by A 1, A 2, A 3, A 4, will be 
represented by the lengths of the several 

lines, la, 2 h* 3 c, 4 d, which 

are proportioned to these times. Suppose, however, that during each 

minute portion of time A-l, 1-2, 2-3, 3-4 , the velocity is c m- 

stant, and equal to that attained at the end of each interval ; the motion 
being uniform, the distances passed over during those several sub* 
divisions of time will be represented (30) by the areas of the parallelo* 

grams 1 a', 2 y, St/, , and the distance passed over at the 

eod of the time A B, by the sum of these parallelograms. This sum 
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differs from the area of the triangle A B 0 by all that* passe* the line 
A C. It is evident that if the time A B had been divided into a larger 
number (say double) of equal parts, the sum of the parallelograms 
would have been less in excess of the triangle. The diminution is 
indicated by the areas shaded in the figure. In proportion therefore 
as the subdivisions of the time A B are more numerous, the sum of 
the parallelograms will differ less from the area of the triangle ABO. 
Finally, when the number of divisions becomes infinite, that is, when 
the velocity varies in a uniform manner, the distance passed over 
during the time A B will be represented by the surface of the triangle 
ABC. 

But that area = } A B X B C. Substituting A B = t, B C = F, 
and recalling the value of V = vi, we have for the distance passed 
over D“}ABXBC or vl 2 , a formula involving the propo- 

sition stated above. This elegant demonstration is due to Galileo, who 
discovered the laws of uniformly varying motion. 

Corollaries, lstf. The last formula shows that the distance passed 
over, in uniformly accelerated motion, by a. body which starts from a 
state of repose, is equal to the distance it would pass over with a uni- 
form mean velocity. 2d. It follows also, from the same formula, if we 
represent by a the distance through which a body moves in the first 
second, we can easily find the following values for the distances it will 
move through during each succeeding second, and also the whole dis- 
tance it will have passed through at the end of each second. 

Times, 1 2 3 4 5 n 

Successive distances, a 3 a 5a la 9 a (2n-l)a 

Whole distances, a 4a 9 a 10 a 25a n 2 a. 

The coefficients in the last series are as the squares of the times, while 
those in the second series are as the odd numbers, and are deduced 
from the last series by subtracting from each of its terms the one 
next preceding it. 3 d. The distance passed over during a given time, 
in uniformly accelerated motion, is equal to one half the distance which 
would be traversed during the same time by a uniform motion, with 
the velocity acquired at the end of the given time ; that is, the velocity 
at the end of the time t is equal to vt. and the distance which it 
traverses during the time t is }vt 2 , according to the formula. 4th . 
To determine the velocity acquired in terms of the distance passed 
over, it is necessary to eliminate t from the equations and 

D= } vt 2 , which gives F= |/2 vD . 

The velocity is said to be due to the distance, (D,) an expression 
which should not be literally interpreted. 

33. Compound motion. — A body moving along a right line may 
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partake tf two* or mere motions, in which case its path, will be the 
resultant of the combination of these motions. Such a motion is callod 
a compound motion . Dailj observation confirms this statement, which 
will be sufficiently illustrated when we consider the results of com- 
pound forces. 

34 Parallelogram of velocities. — The composition and resolution of 
velocities will be more readily explained and illustrated when considering the 
foroes in whioh motion has its origin, as they follow the same laws. ' 

II. OF FORCES 

35. Definition of force. — By force , as used in mechanics, we mean 
any cause producing, or modifying, motion. All known forces, under 
this definition, have their origin in three causes ; namely, 1st, gravi- 
tation , or the mutual attraction of bodies for each other; 2d, the 
unknown cause of the phenomena of light, heat, and electricity ; and 
3d, life, or the mysterious agency producing the motions of animals. 

The study of forces and their effects constitutes the science of % 
mechanics. 

36. Foroes are definite quantities. — As we readily conceive of 
one force as greater than another, so we understand that, forces arc 
equal when, operating in opposite directions, they mutually balance 
each and produce equilibrium. The same may be true of the action 
of two, three, or more equal forces, forming, by their union, double, 
triple, or any higher combination of force. 

To determine a force with precision we must consider three things : 
1st, the point of application ; 2d, the direction ; 3d, the intensity, or 
energy with which the force acts. 

It is usual to represent forces, like other magnitudes, by lines .of 
definite lengths. Any line may be chosen as the unit of force. The 
direction of a line will then represent the direction of the force, starting 
from the point of application ; and its length will represent the magni- 
tude, or intensity , of the force, expressed by the number of times that 
it contains the unit of force. A force is therefore defined in each of 
its three elements by a line, being thus brought within the limits 
of number, geometry, and mathematical analysis. 

37. Weight; Unit of Force; Dynamometers. — Where a body 
is left free to the action of gravity, but is held immovably by some 
obstacle, the pressure or tension which it exerts on the point of support 
is called its weight. It is important to distinguish carefully between 
the words weight and gravity. The latter signifies the general cause 
which produces the fall of all bodies to the earth, while tho (formal 
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means only, the result of the action of that general cause in the ease 
of a particular body. 

The common unit of force is the pound avoirdupois. 

The weight of a body may be rendered sensible by the use of an 
instrument called a dynamometer, or measurer of force. 

One of the most simple of these is represented in fig. 5 ; it 
consists of a steel spring, a G b. The metallic arc ad is fixed 
near the end of the limb G a, and passes freely through an 
opening in the other limb. The graduated arc b e, is fixed, in 
like manner, in the limb C b. The amount of the force ex- 
erted at the points e and d, determines the degree to which 
the two limbs will approach, and is represented on the gradu- 
ated are in pounds and ounces, the graduation of the arc 
being the result of actual trial, by hanging known weights 
upon the hook, and observing the positions marked by the 
index. 

Many forms of dynamometer exist, of which the spring balance, or 
Le Roy's dynamometer, is the most familiar. 

Le Roy's dynamometer, or spring balance, fig. 6, consists of a steel 
spring, coiled within a cylin- 6 

drical tube. The end n of the 
spring is attached to a rod of 

metal, graduated in pounds and ounces, which iB drawn out more, as 
the applied force, 6, is greater. 

Reynier's dynamometer, fig. 7, consists of a steel spring, man b, 
of which the part a and b ap- 7 

proach each other, when a force 
is exerted at the points m and n. 

An arc graduated in lbs. is at- 
tached to the spring at the point 
a, and carries a needle, r c, 
worked by a lever, c. The posi- 
tion of this needle upon the arc, 
indicates the amount of the force 
exerted. If it is wished to de- 
termine the strength or force 
exerted by any animal or machine, as the strength exerted by a horse 
in drawing a plow through the ground, it is only necessary to attach 
one end of the instrument, as n, to the plow, and have the horse 
attached to the other end, m. The degree which is marked by the 
winter, when the horse moves, represents in lbs. the force exerted. 

Another dynamometer is often used, similar in construction to the 
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last, only that the force is exerted at the points a and b, fig. 7, whioh 
are made to approach by a contrivance similar to that shown ia fig. i. 

It is evident that, in this last arrangement, the force is applied in the 
most favorable position for producing the maximum effect in collapsing 
the spring ; while in Reynier's dynamometer, the force is applied wl ere 
only the minimum effect is produced, and the instrument is therefore 
generally employed for determining only very considerable forces. 

38. Equilibrium. — When all the forces acting on a body are mu* 
ttally counterbalanced, or neutralized, they, and the body on which 
they act, are said be in equilibrium . The word repose and equilibrium 1 
are to be carefully distinguished, however, as signifying different con- 
ditions of a body. Repose implies simply a state of rest, without 
involving any idea of motion. Equilibrium signifies the state of a body 
which, submitted to action of any number of forces, is still in the same 
condition as if these forces did not act. By the definition of inertia 
(26) a body may be in motion without being submitted to the action 
of any force, and it may even continue its motion undisturbed, although 
it becomes subject to forces producing equilibrium, since such forces 
mutually neutralize each other. Equilibrium does not therefore include 
the idea of immobility, and thus the words repose and equilibrium havo 
significations essentially unlike. 

Equilibrium ma$ exist without any point of support or apparent 
resistance. A balloon in the air, or a fish in the water, are examples, 
but the balloon and fish are balanced by counteracting forces hereafter 
explained. What are familiarly known as examples of stable or unsta- 
ble equilibrium are only special cases of the action of the force of 
gravity, to be explained in their proper place. 

39. Statical and Dynamical forces . — Statics is the science of 
equilibrium. It considers the relations existing between the three 
conditions (3G), which are involved in the case of every force, in order 
that equilibrium may result. Archimedes was the author of this portion 
of mechanical science. 

Dynamics considers the motions which forces produce. The found*’ 
tions of this part of mechanical science were laid by Galileo in the 
early part of the seventeenth century. 

Hydrostatic s and Hydrodynamics are the principles of statics and 
dynamics applied to the phenomena of rest and motion in fluids. 

The distinction between statics and dynamics is so far artificial that 
the same force may, according to circumstances, produce either pres- 
sure or motion, without any change in the nature of the force. 

40. Direction of force. — It is self-evident that the direction in 
which a force is applied must determine th'* direction in which the 
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body receiving tbe force will move, if motion results, or of the result- 
ing pressure, if the body is not free to move. 

Moreover, the action of a force upon a body is independent of its stats 
of rest or motion. Daily experience and observation confirm this state* 
ment, which is also susceptible of experimental proof. 

It follows : 1st. That if two or more forces act upon a body at the same 
time, each of these forces produces the same effect as if it acted alone, 
since the effect which each produces is not dependent upon any motion 
which the others are capable of producing in the same body. 

2d. Therefore, a body under the influence of a force, constant both 
in direction and intensity, moves with a constantly accelerated velocity; 
for as in each second the variation of velocity, v, is the same, in t 
seconds it will be = vt ; i. e., at the end of 2 seconds it will be 2v, of 
3 seconds 3i>, and so on. In other words, it is proportional to the time. 
Reciprocally, 3d. A body moving in a right line with a uniform accele- 
ration is actuated by a force of constant intensity acting in the direction 
of its motion. 

41. Measure of forces. Mass. — In mechanics forces are usually 
measured by their effects rather than by weight. '1 lie effects of a force 
depend, other things being equal, on the i nass of the body acted on. 

The mass of a body is the quantity of matter the body contains, and 
is proportional, in the same substance, to the niini^pr of its molecules. 
Masses are equal when, after receiving for an equal time the impulse ol 
an equal and constant force, they acquire equal velocities. 

Since we know forces only by their effects, that is by the amount of 
motion or pressure they produce, let us look for a just measure of any 
given force in the amount of motion which it causes. The following 
four propositions will render this subject clear. 

42. Propositions in regard to forces . — Proposition I. Two con- 
stant forces are to each other as the masses to which in equal times they 
impart equal velocities. 

Consider, for example, n equal forces /,/,/, parallel to each other, acting upon 
n equal masses »», w, m. These masses receive equal velocities, and conse- 
quently preserve the same relative positions, and we readily conceive of them, 
therefore, as bound together to form one mass equal to n X «. This compound 
maBS (n X w 0> in or dor that it may possess the same velocity, v, which any 
single mass, m, receives from /, must be acted on by the force n X /• 

Proposition II. Two constant forces are to each other as the velocities 
which they impress , during the same time , upon two equal masses . 

Suppose two forces F and F' to he commensurable, and let l be their common 
measure, so that F = nl and F* = n’l. Represent also by u the velocity 
i the force l imparts at the end of a given time to the common mass. The 
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Awrce nl will impart to this mass tho velocity V ~ *w, since each force equal 
to l acts as if it were alone ; in like manner the force n'l m2 impart the velo- 
city P = n’u to tho same mass. Thence follows this pioportion, 
nl : n'l = »u : n'u, or F: F* = V : F which was to bo proved. 

If the forces compared are not commensurable, wo must take l infinitely small. 

Proposition III. Two constant forces are to each other as the product* 
of the masses by the velocities which they impart to these masses in the 
tame time. 

Let F F f bo two forces acting on the two masses M M' t and inipnrting to them, 
at the end of the same time, tho velocities Fniid F; also consider/ another force 
able to impart to the mavss M, in the same time, tho velocity F ; comparing the 
forces F and /, which in the given time impart to equal masses M M unequal velo- 
cities V and P, it follows from Proposition II. that F :/ = V': l rf . 

Comparing the forces / and F\ which impnrt to unequal masses J/and M' equal 
velocities P and P, it follows from Proposition I. that:—/ : F ' — M : J/\ 

Multiplying the two propositions term by term we have F : V — MV : M' F, 
which was to be proved. 

From these principles it follows, that tho measure of any force is 
obtained by selecting some unit of force to serve us a term of compari- 
son for all other forces ; such a force acting on a unit of mass, during 
one second (the unit of time), should impart to it a velocity or accele- 
ration of one foot, one yard, one metre, or any other arbitrary measure, 
as one foot per second, which latter measure we adopt. 

By proposition second wo can then find tho relation that any force F, acting 
on a mass of matter during one second, will bear to the unit of force. For if 
F f is the unit of force in the proportion F : F’ ~~ M V : I \V P , then, by ttie defi- 
nition, both M' and P arc equal to unity, and wo have F MY. That is, 
according to the definition, F contains the unit of force as many times as there 
are units in the product of the number M into the number V. Assume, for 
example, that the mass moved is equal to six units of mass, and the acceleration 
v in a unit of time is equal to ten feet, then the intensity of the force is equal 
to sixty, i. c., sixty times the unit of force. Hence wo deduce the following:— 

Proposition IV. The measure of a force is the product of the mass 
moved by the acceleration , or velocity , imparted in a unit of time.* 

43. Momentum. — The momentum of a moving body is its amount 
of motion, or its tendency to continue in motion. The momentum of 
* body is equal to its mass multiplied by its velocity. When a force 
acts upon a body, free to move, it produces its effect as soon as motion 
is diffused among all the molecules, and the force is then transferred 
into the substance of the moving body. In consequence of tho inertia 


* In all the propositions relating to velocity as a measure of force, there It 
supposed to be no resistance to motion; the force acting only to overcome the 
Inertia of the body. 
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of matter (26), if the moving body should meet no resistance, it would 
continue to move with the same velocity, and in the same direction, 
for ever . 

The expression Mv represents the intensity of the force which has 
set the body in motion, and MV represents the amount of force that is 
at* any time accumulated and retained by the inertia of the moving 
body. In either case the moving body is supposed to encounter 30 
resistance from any other object. 

It is a fundamental principle in mechanics that the same force acting upon 
different bodies in similar circumstances imparts velocities in the inverse ratio 
of their quantities of matter. If the same force, in the absence of resistance, 
successively projected balls whoso masses were as the numbers 1, 2, 3, Ac., it 
would impart to them the velocities 1, Ac., so that a mass ten times 

greater would acquire a velocity of only The product of each of these 

masses into its velocity is the same, for 1 X 1 = 1, 2 X £= 1, Ac. 

When a moving body encounters resistance, depending not only upon inertia, 
but also upon other properties of matter, the effects produced depend upon the 
rapidity with which the force, expressed by momentum, is brought to act upon 
the opposing body. This class of effects is, therefore, proportioned to momen- 
tum, multiplied by velocity. This product MV 1 is called via viva , tho applica- 
tion of which to practical mechanics will be explained hereafter (111). By the 
principle that action and reaction are equal (27), we know that when a musket 
is discharged the force of the explosion reacts upon the musket with the same 
intensity as it projects the ball. According to the principles of momentum, the 
weight of the gun, multiplied by the velocity of the recoil, must he equal to 
the weight of tho ball, multiplied by tho velocity of its projection, yet the recoil 
of tho gnn is received by tho sportsmen with perfect impunity, while the moving 
ball deals death or destruction to opposing objects. 

III. COMPOSITION - OF FORCES. 

44. System of forces. Components and resultant. — Whatever 

may be the number and direction of forces acting upon one point, they 
can impart motion or pressure in only one direction. We therefore 
assume, that there is a single force which can produce the same action 
as the system of forces, and may replace them. This is called the 
resultant , and the forces to whose effect it is equivalent, arc termed the 
components . The components and resultant may be interchanged 
without changing the condition of the body acted on, or the mechanical 
effect of tho forces themselves. 

A force is therefore mechanically equivalent to the sum of its com- 
ponents. On the other hand, any number of forces are mechanically 
equivalent to their resultant. As we know forces only by their effects 
in producing motion or pressure, any forces which produce equal 
motions or pressures are equal. We shall proceed to illustrate this 
proposition in a few particular cases. 

45. The parallelogram of forces. — It Has already been stated that 
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forces may be represented by lines, both in direction and intensity, 
also, that two forces acting on the same or equal masses of matter, 
are to each other as their velocities, or I y : F" = V ' : V". The same 
principles will therefore apply to the combinations of forces that apply 
to the combinations of velocities or of motions. 

When several forces act on .a body, they may be arranged in three 
ways, according to their direction. The forces may act, 

1. All in one direction; 

2. In exactly opposite directions ; or 

3 At some angle. 

In the first case, the resultant is the sum of all the forces, and the 
direction is unaltered. In the second, the resultant is the difference 
of the forces, and takes the direction of the greater. If opposite forces 
are equal, tho resultant is nothing, and no motion is produced. In the 
third case, a resultant is found to two forces, whether equal or unequal, 
by the parallelogram of forces, according to tho following law. By 
any number of forces acting together for a given time , a body is brought 
to the same place as if each of the forces, or one equal and parallel Jo it, 
had acted on the body separately and successively for an equal time. 

Suppose two forces, at right angles to each other, act simultaneously 




on the point a, fig. 8, one in the direction a x, 
and the other in the direction a y. Let one y 
force be such that, in a given time, as a second, 
it will move the point from a to b, while the 
other will, in the same time, move it from a to 
e, then by tho joint action of both forces it will 
be impelled to r in the same time. The first 
forco, by its separate action, would impel the a & 

body to b in one second, and if it were then to ceuse, the second foroe, 
or one equal and parallel to it, would impel tho body to r in the same 
time; or the body might be carried from a to c, and from c to r; in 
either case the result is the same. 


If a b = Jf, a c — Y, and a r == R, then R — \/ X 2 + Y *. If we call 
the angle rab — a os. a = and sin. a = -^ . 

Again, suppose the forces act at an oblique angle ; let the point P, 
fig. 9, be acted on by two forces in the directions P A and P B. On 
P A, measure Pa, containing as many units of length as the force A 
contains units of force ; and on P B take P b in tho same manner. 
Complete the parallelogram P a c b ; the diagonal P c will repre- 
sent the direction of a single force C, equivalent to the combined effect 
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of A and B and P c will contain as many units in length asC cm 
tains units of force. 

In the same manner a result- 
ant may be found for three or 
any number of motive forces, by 
compounding them, two by two, 
successively. 

In the trianglo P a c, fig. 9, tho 
•ides a P and a c = P b, are known, 
sad also the angle P a c, which is 
the supplement of the angle a P 6, 
formed by the directions of the 
forces. Wo may therefore calculate 
the sido P c, that is, tho intensity 
of the resultant, and the a igle 
a P c, which determines its direc- 
tion. 

Let the point a, fig. 10, be subjected to the forces whose magnitudes 
and directions are represented by the lines a b, a C, and ad. We first 
take* any two which lie in 
the same plane, as ab and 
a C, and find their result- 
ant a X ; and compounding 
this with the third force a d, 
we find a y, which will re- 
present the magnitude and 
direction of the general re- 
sultant of all three forces. 

The resultant of any num- 
ber of forces can therefore 
be determined by geometrical construction, or calculated from well 
known geometrical principles. 

This system of compounding forces is called the parallelogram of 
forces , and applies equally to the combination of velocities or motions* 
In order that the body may move in the straight line a r (fig 8), the 
twe forces must aH in the same manner. They may be instantaneous im- 
pulses, which will cause uniform motion ; or both may act continuously 
and uniformly, so as to produce a uniformly accelerated motion ; or, 
both forces may act with a constantly varying intensity, increasing or 
diminishing at the same rate, and the body will still move in a straight 
iino. But if one force is instantaneous and the other constant, or one 
constant and the other variable, or both varying by different laws, then 
the body will move in a curve ; but in every case it will reach the noin* 
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t in the same time that it would have passed from a to d, or from a toe, 
by the separate action of either force. 

If the three forces a b. a C, and a d, all pass through the same point, 
we may construct a parallelopipedon, as shown in fig. 10, and a y, the 
diagonal of the parallelopipedon, will represent the direction and inten- 
sity of the resultant force. This method of compounding forces is called 
the parallelopipedon of forces. 

Examples of the composition of motion and force are of 
oonstant and familiar occurrence. 

A man in swimming, impels himself in a direction perpendicular to his foot 
and hands, and if the forces are equal on each side, he will move in a resultant 
line, passing through the centre of his body. Another instance is tho flight of 
birds. While flying, their wings perform symmetrical movements, and strike 
against the air with equal force. 

In the case of flying birds, the resistance of the air is perpendicular 
to the surface of the wings, and 11 

may be represented, fig. 11, by 
C A and D A, at right angles to 
their surface. Neither of these 
pressures tends to impel the bird 
straight forward, but it moves in 
their resultant; for if the wings 
are equally extended, and act with 
equal force, the lines C A and D A 
make equal angles with A B, pass- 
ing through the centre of the bird, 
and hence their diagonal, or A G, 
the diagonal of equal parts of 
them, will coincide with A B, and the bird will fly directly forward. 

46. Parallel forces. Resultant of unequal parallel forces. — 
Two forces, acting side by side, produce the same effect as if they were 
in the same straight line. Two horses drawing a cart is an example. 
Hence the resultant of two parallel forces acting in the same direction 
is equal to their sum, and is parallel to them, and when they are equal , 
is applied midway between them. 

If the parallel forces are unequal, the point of application of the 
resultant may be found by the following experiment. Let A B, fig. 12, 
a bar of uniform thickness and density, be balanced on its centre 0. 
We may suppose the bar to be divided into two, A D and D B, of 
unequal lengths, which might also be balanced on their centres E 
and F. Now we have two parallel and unequal forces — the weight 
of A D and the weight of D B — whose resultant is not . midway 
6 * 
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botweec their points of application, E and F, but passes through C, 
which is nearer E than F in the exact ratio that the force atE exceeds 
that at F ; for the weights 12 

of the two bars are as their 
lengths, and C E measures 
half the length DB, and 
C F half the length of A D ; 
so that C E is to C F in- 
versely as the weight atE is 
to the weight at F. The truth of this conclusion may be tested by sub* 
pending at E and F two additional weights which have the same ratio 
to each other as A D to I) B, and the equilibrium will be undisturbed. 

Hence the resultant of two parallel but unequal forces is equal to 
their sum, and its distances from them are inversely as their intensities. 
Thus, in fig. 18, if any two parallel 13 

forces act at. A and A / , and their inten- 
sities are expressed by A B and A / W, 
then their resultant will be repre- 
sented by P R, provided it acts at P, 
a point so situated that P A / : P A == 

A B : A / W. The same will be true 
whatever be the common direction of 
the forces ; if the positions of A B and ' *c * ® 

A' B' are changed to A C and A / C', 

then P R must move to P R / , and equilibrium equally obtains. 

47. Resultant of parallel forces acting in opposite direc 

tions. — The resultant of two parallel forces, which . 14 

act iu opposite directions, is found by the same con- 
struction as before, but it is equal to the difference 
of the intensities of its components, and takes the 
direction of the greater. Its point of application, 
fig. 14, is in the prolongation of the line A B, at the 
point C, situated so that C B and C A are in the in- 
verse ratio of the forces Q and P. The point C will 
be further removed as the difference between the 
forces P and Q are diminished, so that if the forces 
were equal, the resultant would be nothing, and situated at an infinite 
distance. 

The general resultant of any number of parallel forces may be found 
by compounding them, successively, two by two, in the methods already 
prescribed. 

48. Couples. — Whenever a body is solicited by two forces whiob 
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are equal, parallel, and acting in opposite directions, it is impossible to 
replace them, or produce equilibrium by a single force. Such a sys- 
tem of forces is called a couple , and its tendency is to produce revolu 
tion around an axis. In this case, the value of the resultant is evidently 
eqjftl to zero, and the point of application is also at an infinite distance 
from the points of application of the two equal components. 

49. Two forces not parallel and applied to different points 
may have a resultant, if they lie in the same plane. It is found by 
extending the lines of direction until they intersect. But if the forcos 
are not parallel, and lie in different planes, then the directions, though 
infinitely prolonged, will never intersect, and they cannot have any 
single resultant, or be in equilibrium by any single force. 

50. The resolution of forces is the converse of their composition. 
Since two or more forces can be replaced by a single force, soj com- 
monly, we may substitute two or more forces for one ; and since an 
infinite number of systems may have the same resultant, conversely, 
one force may be replaced in innumerable ways by a system of several 
forces. But if one of two required components is given in magnitude 
and direction, there can be but one solution, and the problom is 
definite. 

When a force acts upon a body at any other than a right angle, a 
part of its effect is lost. By resolving such an oblique force into two, 
one parallel, and the other perpendicular 16 

to the body, the latter component will re- ^ 
present the actual force produced. Let a 6, 

15, represent a force acting under the 
angle a b c against the surface M N. Re- 
solve a b into a c perpendicular to M N, 
and a d parallel with it ; then a c will be 
the absolute effect of the force, and a b — 

N 

a c is the loss. 

Example of the resolution of force. — The sailing of a boat in a 
direction different from the wind is a most familiar illustration of these 
principles. For example: the wind blows in the direction va t fig. 16, 
oblique to the sail, and to the course of the boat, and its force is 
resolved into two components, one acting in the direction ca, impelling 
the boat on its course in the line of least resistance, the other in the 
direction 6 a, acting to carry the boat laterally on in the line of greatest 
resistance. As the model of the boat allows it to advance freely through 
the water in the direction c a , while it offers great resistance to lateral 
motion, the force of the wind resolved in the direction 6 a produces 
little effect upon the motion of the boat, she being held to her course 
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by the rudder. A skillful sailor can, by thus availing himself of the 
principles of resolution of force, sail his vessel on a course within five 

16 



or six points* of being directly opposed to the wind which impels it. 


IV. CURVILINEAR MOTION — CENTRAL FORCES. 

51. Of curvilinear motion. — It has been shown that a body acted 
upon by two forces will move in a direction which is the resultant of 
the two forces. If one of two forces acting upon a body is a continu- 
ous force, acting in a direction tending to turn the body out of the 
course it receives from the other, the resultant will not be a straight 
line, but a curve, having its concavity turned towards the direction of 
the continuous force. If at any instant the continuous force ceases to 
act, the body will continue to move in the direction in which it was 
moving when the constant force ceased to act. This direction will be a 
tangent to the curve at that point. 

52. Centrifugal and centripetal forces. — Let us consider a mate- 
rial point moving with a uniform velocity in the circumference of a 
circle. The resultant of the forces acting on the particle will, there- 
fore, by the necessity of the case, pass through the circumference of 
the circle. In this case the force which prevents the moving particle 
from darting off in a tangent to the circle is called the centripetal, or 
centre-seeking, force. This force at every instant arrests the tendency 
of the particle to fly away from the centre. The tendency of the par- 
ticle to fly away from the centre is called tho centrifugal , or centre* 
flying , force. These two forces are, together, termed central forces* 
They are necessarily antagonistic to each other at every instant of cur- 
vilinear motion. 

* A circle is divided into four quadrants, and each quadrant into eight potato) 
aooording to the phraseology of seamen. 
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To understand the antagonism of central forces, take m e, fig. 17 an infl» 
nitely small aro of the circumference, and making 17 

with the direction c * m a, of the preceding element 
e' m, an infinitely small angle a m e. Join the extremi- 
ties of the element m c with the centre of the cirele by 
the radii m C, e C, and draw b c parallel to m a. Since 
m c is considered infinitely small, a c and m b are 
parallel' to each other, and macb is a parallelogram. 

Therefore it follows by the parallelogram of forces, 
that while the body was moving over tho arc m e it 
would in the same time have passed over the space 
»» a , in virtue of the volocity acquired iu passing 
over c' m, if no other force intervened ; whilo by reason 
of the central force acting from m to r, it would have 
passed over the space rn b, had it not been for the 
original impulse c' m. This is tho centripetal force, 
and, compounded with the original impulse, c' m, tho 
particle follows the resultaut m c. 

Draw now a d parallel to m <■, forming the second parallologram mead. The 
reloeity of the particle following the diagonal m a may be decomposed into the 
two components; one me in the path of the circular motion, and tlio second 
md following tho radius. This quantity ( m d) represents tho centrifugal force, 
and as m d — a c — m b, it follows that at each instant of the circular motion 
the centripetal and centrifugal forces exactly counterbalance each other, and 
that the sole resulting motion is in the arc m c. If at any instant the centri- 
petal forco ceases to act, m a , the resultant of tho forces »» c, m d, will throw the 
particle in the path of the lino c' m a tangent to m. Tho term centrifugal force 
must not be understood to moan a force which would cause the body to fly 
directly from the centre, since as wo have seen it must in that case move also 
in the tangent. 

Examples of the action of centrifugal force. — A stone flics from 
a sling with a velocity equal to the force acquired by its revolution at 
the moment when, by releasing one of tho strings from the finger, it 
flies off in a line tangent to the point of release. The water flies from 
a grindstone, or mud from a carriage wheel, whenever tho centrifugal 
force due to the velocity of revolution is sufficient to overcome the force 
of adhesion. The rapidity of revolution may be sufficient in a grind- 
stone to overcome the cohesion of the particles of the stone, when it 
bursts with a loud explosion, carrying death and destruction in its path. 
A pail filled with water may be whirled with such velocity that the 
eentrifugal force overcomes the force of gravity, and the liquid is not 
spilled. 

53. Experimental demonstration of the effects of centrifugal 
force. — The effects of centrifugal force may be illustrated by the appa- 
ratus represented in fig. 18. A wire is stretched upon a frame a b , con- 
nected with an upright shaft, which is made to revolve rapidly by means 
of a cord, as shown in the figure. Two perforated balls, united by a string. 
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slide freely upon the horizontal wire. If the two sliding balls are ot equal 
weight, and are placed at equal distances from the axis of rotation, still 

18 



united by the string, they will retain the same position with any velo- 
city of rotation which may be given to the apparatus ; but if one of. the 
balls is more distant from the axis than the other, it will draw the 
other along with it, and both balls will strike the support on the same 
side, provided the distance between the balls is less than half the line 
ab. If the two balls, united as before, and placed at equal distances 
from the axis, have unequal masses, the heavier ball will draw the 
other towards its own side of the apparatus. Two unequal balls, 
united in the same manner, will remain at rest, if their distances from 
the axis, on opposite sides, are in the inverse ratio of their masses. 
Admitting that the centrifugal force is proportional to the mass of the 
body, these experiments prove that the centrifugal force is proportional 
to the radius of the circle described, when the times of revolution are 
the same. 

To demonstrate the effects of centrifugal force in liquids, the appa- 
ratus shoVn in the upper part of fig. 19 is attached by screws to the 
coupling at the top of the re- 19 

volving shaft shown in fig. 18. 

Two flasks with long necks arc 
placed obliquely, communica- 
ting with a reservoir filled with 
liquid placed at the middle of 
the bar which supports them. 

As the apparatus is rapidly re- 
volved, the liquid rises into the flasks, and again descends when the 
motion is arrested. If the vase, fig. 20, containing water, is attached -to 
the machine, and made to revolve, the surface of the water becomes 
concave, the water rising by the sides of the glass, the surface becom- 
ing more deeply concave as the motion becomes more rapid. The piece 
of apparatus shown at the bottom of fig. 19 carries two inclined tubes, 
one enclosing water and a metallic ball, the other water and a hall of 
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wood floating on its surface. As the rotation becomes rapid, the witter 
rises. to the top of the tubes, the ball of wood then descends, and takes 
a position on the inferior surface of the liquid, while the 20 
metallic ball advances through the liquid, and rises to 
the most elevated extremity of the tube which contains it, 
the liquid itself rising to the exterior end of the tube. 

The different effect upon the two balls results from the 
fact that the metal has a greater mass than an equal 
rolum: of the liquid, while the contrary is true of the 
wood ; the centrifugal force being in proportion to the 
mass, the tendency is to carry the denser substance to the 
greater distance from the axis of rotation. 

If a tube contains different liquids incapable of acting chemically 
upon each other, they will place themselves, during rapid rotation, in 
such an order that the denser fluid will be more distant from the axis, 
the outward tendency being directly proportional to the mass of matter 
in a given volume. These effects do not take place till, by the rapidity 
of revolution, the centrifugal force becomes greater than the force of 
gravity. The common circular or fan blowing machine is an example 
of the action of centrifugal force on bodies in a gaseous condition. 
A centrifugal pump has been devised acting in this manner. The fan- 
blower is also used as a ventilator, drawing its supply of air from the 
space to be ventilated, to supply that thrown out by the tangential 
opening. 

The centrifugal drying machine for laundries consists of a 
very large upright cylinder, having a smaller cylinder within it. The 
circular chamber between the two cylinders is closed by covers, by open- 
ing which the linen to be dried can be introduced. The bottom of this 
chamber is pierced with holes like a sieve, through which the water 
expressed from the linen can flow off. A rapid ‘rotation being given to 
this cylinder, the linen, by the effect of centrifugal force, is urged 
against the exterior surface of the cylinder, and is there squeezed 'with 
a force which increases with the rapidity of rotation, by the effect of 
which the water is pressed out of it, and escapes through the holes in 
the bottom. A rotation of 25 turns per second, or 1500 per minute, is 
given to these drying cylinders, by which the linen, however moist it 
may be, is rendered so nearly dry that a few minutes 1 exposure in the 
air renders it perfectly so. In large linen manufactories this machine 
produces a great saving of labor in the laundry department. 

In the motion of the heavenly bodies we find the most wonderful examples 
tf the act'on of central forces, acting as they do to prevent the moon from fall* 
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ing upon the earth, and tho planets into the sun. The action of centrifagal 
force will be further considered in connection with terrestrial gravity. 

54. Analysis of the motion produced by central forces.— 

Let a body placed at a, fig. 21, receive an impulse which would carry it to d in 
one second, or any small portion of a second, and 21 

let it be attracted towards c by a constant force 
which would move it to b in the same time that the 
first impulse would carry it to d, then by the prin- 
ciples of the composition of forces it will be found 
at the end of the given time at e, and if the attrac- 
' tiro force should thon cease it would continue to 
move in the direction em. If the attractive force 
continues, the body will be found at g at the end 
of the second period. As the central force is con- 
tinually acting, the body will diverge moro and 
more from the direction of tho first force, and will f 
describe a curve. As the attractive force acts 
always towards tho central point c, the body 
will revolve around that point. If the relation of 
the two forces is such that c e, eg , Ac., are each 
equal to c a, the curve of revolution will he a 
circle. In most other cases the curve of revolution 
will be an ell ipso. 

If the curve described is a circle, and we as’sume 
the are ae to be very small, it will not sensibly differ from a straight line, and 
aooording to well known geometrical principles wo shall have 

a b : ae = a c : a o. 



a o 


That is, the centrifugal and centripetal forces of a body describing a circle 
with uniform velocity are directly proportional to the square of the velocity , and 
inversely as the diameter of the circle. 

The relation of those forces may bo expressed differently. Considering a e 
as the space described in one second, it will be tho velocity of the body ; but in 
curvilinear, just as in rectilinear movement, the velocity is equal to the distance 
divided by the time, i. e., equal to tho circumference of the circle divided by the 
time of revolution. Lot It represent the radius of the circle, T the time of 
revolution, v the velocity, and it the ratio of the circumference to the diameter,* 
2 Ttll 

and we shall have a e = v = Substituting this value of ae in the pre 

fi us equation, and considering that a o = 2 R, we shall have 

4 2lt' l Ii 

a o = — — — . 

2 HT* T % 

Therefore the attractive force would generate in one second a velocity 



* The ratio of the circumference of a circle to its diameter i« 3*14159, and 
this number is usually represented by tho Greek letter it in mathematical for- 
mr.les. 
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•xpressed by twice a b, the distance passed over, equal to • 


T * • 


The angular 


velocity per second is expressed by the actual velocity, divided by the radius j 
calling this angular velocity V, wo havo 


T* r — 

The centrifugal or (which i» the same thing) the centripetal force varies directly 
Of the radius of the circle of revolution multiplied by the square of the angular 
velocity. Also if two bodies move in different circles and in different times , their 
centrifugal and centripetal forces will be directly as the radii of their circlee t and * 
inversely as the squares of the times of revolution. 

It is also evident that the centrifugal forco is proportional to the mass of the 
b)dy. # 

55, Bohnenberger’s apparatus. — In consequence of the operation 
of tha law of inertia, moving bodies preserve their planes of motion. 
This is true as well of planes of rotation as of planes in a rectilinear 
direction. By means of Bohnenberger’s apparatus 
we may illustrate the tendency of rotating bodies 
to preserve their plane of rotation, and tho invaria- 
bility of the axis of the earth during its revolution. 

Bohnenberger’s apparatus consists of three rings, 

AAA, fig. 22, placed one within the other; the 
two inner ones are movable, and connected by 
pins at right angles to each other, in the same 
way as the gimbals that support a compass. In 
the smallest ring there is a heavy metallic ball 
B supported on an axis, which also carries a little pulley c. The ball 
is set in rapid rotation by winding a small cord around c, and suddenly 
pulling it off. The axis of the ball will continue in the same direc- 
tion, no matter how the position of the rings may be altered ; and the 
ring which supports it will resist a considerable pressure tending to 
displace it. 

56. Parallelogram of rotations. — It has been shown (48) that 
rotary motion is produced by two equal parallel forces acting in oppo- 
site directions. If two new equal parallel forces act upon tho sumo 
body, tending to produce rotation about another axis situated in the 
same plane, the compound resultant will tend to produce rotation about 
a third axis, situated in the same plane, between the directions of the 
other two. 

Let the irregular body shown in fig. 23, while rotating about the axis 
A X be suddenly acted upon by forces tending to produce rotation about 
the axis A Y. Suppose the parts of the body lying between A X and 
A Y to be impelled in opposite directions by the two rotary foroes 
6 





84 


PHYSICS OP SOLIDS AND PLTJIDS. 


‘ Take an y point, as P, and drawing from P perpendiculars npon the 
two axis, lot P 0 = y and PB = x, also let 28 

v represent the angular velocity about the 
axis A X, and x/ the angular velocity about 
the axis A Y , then will vx — r/y express 
the resultant force exerted upon the point 
P. Now since, if the point P were taken 
in the axis AX, we should have vx = 0, and 
if P were taken in A Y we should have t/y 
ss 0, it is evident that P may be so taken 
that vx — t/y = 0, or vx = t Zy. Lay off on A X a distance A E, such 
that A E : A C = v : v / , construct the parallelogram A C D E, and draw 
the diagonal A D ; then AE: AC = DC: D E = » : t/ = y : x. But 
every point on the line ADX' will have the same relation to the axis 
A X and AY. Hence every point in this line will remain at rest, and 
A X' becomes the resultant axis of rotation, in virtue of the forces pre- 
viously tending to produce rotation about the two component axes. 

To determine the velocity of rotation about the resultant axis A X', 
take any point, as C, on the axis A Y. At this point v / y = 0, and the 
point C has no tendency to move except that given by the moment vx 
about the axis A X. Draw the perpendiculars C R and C Q upon A X 
and A X 7 respectively. Represent C R by r, and C Q by r // , and denote 
the angular velocity about A X' by v". Now as the distanqe passed 
over by the point C during any instant depends only on the moment 
vx, it will be the same whether the rotation takes place about A X or 

A JP ; hence vr — v // r // , /. t/ / — The triangles A CD and A CE 

r" 

are equal, being each one-half the parcllelogram AC D E, hence A Dy x 
C A Ey CE, and A D, \r" = vr, hence A D = -77. Comparing 

this equation with the value of v // found above, we find that v' f e AD 

From the above reasoning it appears that, — 

Where a body is acted upon by two systems of forces, tending to pro- 
duce rotations about two separate axes, lying in the same plane, the 
resultant motion will be rotation about a new axis, represented in direc- 
tion by the diagonal of a parallelogram, the sides of which will be repre 
seated by the component axes of rotation, and the magnitudes of the sides 
by the forces tending to produce rotation about those axes. The velocity 
of rotation about the new axis represented in direction by the diagonal 
of the parallelogram , will be measured by the length of the diagonal . 

From the 8&me principles it follows that, If a body is acted upon by three 
systems of forces, tending to produce rotation about three different axes, all 
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patting through the seme point, the resultant motion will he rotation about • 
new axis, represented in direction bj the diagonal of a paralle.opipedon formed 
on the original axes at adjacent edges, with the magnitude of those edges corres- 
ponding to the respective forces acting about those axes, and the velocity of the 
new rotation will be represented by the length of the diagonal of the parallelo- 
pfpedon. 

In describing rotary motions it is customary to speak of the motion 
ts rxght-hdndel or positive, or as left-handed or negative. 

Let A X, A Y, A Z, fig. 24, be three rectangular axes, passing through th« 
point A, which is called the origin of co-ordinates. Distances measured from A 
towards either X, Y, or Z, are called positive, and distances measured in the 
opposite directions are called negative. If a body revolves about either of these 
axes, or about^ny axis drawn through A, in 24 

such a direction as to appear, to an eye placed 
beyond it, and looking towards A, to fcoove in 
the same direction as the hands of a watch, 
when we look at the dial, such motion is 
called right-handed, or positive rotation. If 
rotation takes place in the opposite direction, 
it is oalled left-handed, or negative. If a body 
revolves in the directions shown in cither part 
of fig. 24, the rotation is called right-handed, 
or positive. If the three axes, A X, A Y, A Z, 
were brought towards each other till they co- 
incide, these rotations would all coincide in 
direotion. 

57. The gyroscope, or rotascope, is an instrument exhibiting some 
remarkable results of the combination of rotary motions, and which 
also shows, as in Bohnenberger’s apparatus, the tendency of rotating 
bodies to preserve their piano of rotation. A common form of the 
rotascope, fig. 25, con- 
sists of a metal ring, A B, 
inside of which is placed 
a metallic disk, C D, / 
loaded at its edge, and / 
which turns independ- \ 
ently of the ring, upon **• 
the axis. Motion is com- 
municated by mean 8 of a 
cord, wound around the 
axis of the disk and sud- 
denly drawn off. If, when 
the disk is rotating rapid- 
ly, it be placed on the steel pin F, supported on the column G, it seems 
indifferent to gravity, and instead of dropping it begins to revolve in a 
horisont&l orbit, H I, about the vertical axis F G, in a direction qorres* 
ponding with the movement of the lower part of the disk. This hon* 
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sontal revolution gradually increases in velocity, and the free end of 
the disk, in some circumstances, vibrates upward and downward, in 
spiral curves. When the rotation of the disk is considerably diminished 
by friction, gravity gradually prevails over the supporting power, and 
at length the disk falls, in a descending spiral curve. 

To explain the movement of the gyroscope, let the axis Y A Y 
fig. 24, correspond to the standard. A 24 (bis.) 

being the point where one end of the 
axis of the revolving disk is supported. 

Let A X correspond to the horizontal 
axis around which the disk of the 
gyroscope revolves, and let Z A 7/ be 
another horizontal axis, at right angles 
with A X and A Y. Let a right- 
handed rotation be given to the disk of 
the gyroscope about the axis A X, as 
indicated by the arrows. While the 
force of gravity causes the free end of the axis to descend, there will 
also be commenced a right-handed rotation about the axis A Z. Both 
these rotations may bo supposed to have constant velocities for an infi- 
nitely short interval of time. Let v denote the angular velocity about 
A X, and v / the angular velocity about A Z. Lay off on A X a distance 
AB = r, and on A Z a distance A C = t/, complete the parallelogram 
ABDC; then the diagonal, A D, will represent the resultant axis of 
rotation, and the length of this diagonal will represent the velocity of 
rotation about the new axis. As the disk can only rotate about the new 
axis by moving towards D, there will thus be commenced a new move- 
ment of rotation, which we may call a horizontal revolution about the 
perpendicular axis. This will be a right-handed rotation about A Y. 

We now have to consider rotation about three axes, all passing 
through the axis A. To construct the position of the resultant axis 
for the second instant, lay off on A Z, considered as perpendicular to 
A D and to A Y, a distance to represent the angular velocity due to 
gravity, and on A Y the angular velocity in the orbit, acquired in 
passing from the position A X to A D; A D represents the velocity 
with which the disk rotates. Construct a parallelopipedon on these 
three lines, and draw its diagonal through A. This diagonal will evi- 
dently give a direction that will continue the horizontal revolution 
already commenced, and also an upward tendency in opposition to 
gravity. The same process of construction might be continued for 
every instant the rotation continues. It is evident that the horizontal 
rotation would continually increase in velocity, and the tendency to 
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lift the end of the axis of the disk would also increase, were it mt con- 
tinually counteracted by the action of gravity. As the velocity of the 
rotation of the disk is continually retarded by friction, the lifting power 
exerted against gravity diminishes until the disk gradually descends 
with a spiral revolution, and the instrument is brought to rest. 

If the disk of the gyroscope were made to rotate in the opposite direc- 
tion, or left-handed, the motion around the axis Z A //, caused by 
gravity, would also be left-handed when considered from the point Z', 
and the resultant A D' would lie on the opposite side of A X. This 
would also give a left-handed rotation about tho perpendicular A Y, 
and the resultants would all be found in the solid angle A X, A Y, 
A Z', and again the tendency would be to counteract the depressing 
force of gravity. Thus we should have tho rotating disk supported, 
as experience shows it is, in whichever direction it is caused to rotate. 

If the weight of tho gyroscope were counterbalanced (as it is frequently con- 
structed) by an equal weight on the opposite side of the vortical axis, it can 
readily be seen that it would have no horizontal rotation. If tho counter- 
balancing weight ’were so great as to rniso tho disk upward, the horizontal 
revolution would be performed in the opposite direction. 


Problems on Weights and Measures. 

1. (a.) JIow many English yards are contained in 135 French kilometros? 
(b.) Reduce 2-5934 centimetres to English inches, (c.) What part of an English 
inch is 1 millimetre? (rf.) Reduce 3 eentimetros to inches.. 

2. (a.) Reduce 4 feet 7 inches U> French measure. (5.) Reduce 225 rods to 
French measure of length, (r.) Reduce 13 miles to French kilometres. 
(d.) Reduce 5 yards to French metres. 

3. (a.) Reduce 3 pints to litres and cubic centimetres. (&.) Reduce 5 litres 
to English measure, (c.) Reduce 7 gallons to litres and decimal parts. 
(d.) Reduce 7 cubic centimetres to English pints. 

4. Reduce, by means of the Table II., — (<*.) 25 inches to decimal parts of a 
metre, (b.) 139 centimetres to American inches, (c.) 75 feet to metres, (d.) 5 
kilometres to American yards. 

5. Reduce, by means of the table at tho end of the book, — (a.) 7J pints tr 
cubic centimetres, (b.) 10 gallons to cubic centimetres, (c.) 735 <nl;C centi 
metres to gallons. 

Problems on Motion. 

6. A body passes uniformly over a distance of 200 yards in 1 hour and 6 
minutes: what is the numerical value of its velocity, according to the usual 
conventions concerning the units of space and time? 

7. A body is observed to describe uniformly a foet in w seconds ; supposing 
the unit of timo to be 1 minute, what must be the unit of distance in order that 
the numerical value of the body’s velocity may be 1 ? 

8. A man walks with a velocity represented by 2, and ho finds that he walks 
t miles in 2 hours ; if 1 foot be the unit of length, what is tho unit of time ? 

9. A particle is moving with such a velocity, and in such a direotion, that 

6 * 
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the resolved parts of Its velocity in the directions of two lines perpendicular is 
each other, are respectively 3 and 4 ; determine the direction and relocity of 
the particle’s motion. 

10. A is a more powerful and a heavier man than B; the greatest weights 
which they can lift are as 8 : 7, and their own weights are as 7 : 6. Which is 
likely to be the faster runner of the two? 

11. Supposing a body acted upon by a force capable of oausing an accelera- 

tion of 3 feet per socond : what will be its velocity, and the distance passed 
over, at the end of 1 minute ? - 

12. What velocity will bo acquired by a body moving 100 feet, nnder the in- 
ftuonce of a force capable of causing an acceleration of 2 feet per second ? 

13. If a body starting with an initial velocity of 125 per second is found to 
oome to rest after the end of 5 seconds, what is the amount of retardation, and 
what distance has the body passed over ? 

14. If a body weighing 100 pounds moves with a velocity of a mile in 7 
secon is, what must be the weight of a body moving 3 feet per second, to have 
the same momentum as the former ? 

15. If a ship weighing 2000 tons strikes a pier with a velocity of 6 inches per 
second, what velocity must be given to a 64 pound shot, in order that it may 
strike an obstacle with the same momentum ? 

16. Uniform force is defined as that which generates equal velocities in equal 
times ; would it be correct to define it as that which generates equal velocities 
while the body moves through equal spaces t 


CHAPTER III. 

GRAVITATION. 

{ 1. Direction and Centre of Gravity. 

58. Definition. — The fall of unsupported bodies to the earth, and 
the pressure exerted by bodies at rest on the earth's surface, is due to 
the force of gravity. The amount of this force seen in the downward 
pressure of any body is called its weight . Weight is due to the earth's 
attraction for the body weighed. This is only a particular caso of a 
general force in nature, by reason of which all bodies in the universe 
attract each other, thereby maintaining the order and stability of the 
heavenly bodies. 

59. Law of universal gravitation. — The law of gravitation is 
stated as follows : Every particle of matter attracts every other particle 
in the direct ratio of its mass, and in the inverse ratio of the square 
of its distance. 

Let M and M / represent two masses, D and jy the distances. Take 
O and g the absolute gravities of the two masses at a given distance. 
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and g: O', the ratio of the force of gravity at distances D and IX, then 

0 : g = M : M 

g i Q' = JX* ; 2)* compounding these proportions we have 

1/ ir/ 

0 : Q'=MD”-.M'D\ hence Q:GX::- ~p~ 7 2 . 

Or the force of gravity of different bodies, at different distance!, is 
directly as the masses and inversely as the squares of the distances. 

This law was discovered in 1666, by Sir Isaac Newton. Reflecting 
li the power which causes the fall of bodies to the earth, and bearing 
in mind that this power is sensibly tho same on the highest mountain 
as in the deepest valleys, he conceived that it might extend far beyond 
this earth, and even exert its influence through all space. lie assumed, 
in conformity to the relation already discovered by Kepler, between 
the times of revolution of the planets and their distances from the sun, 
that this force must diminish in the inverse ratio of the square of the 
distance. Ilis first results were unsatisfactory, because (as afterwards 
appeared) he used in his calculations an erroneous value of the earth’s 
radius. But in June, 1682, he received Picard’s new measurement of 
the arc of the meridian in France, from which it appeared that the 
radius of the globe was nearly one seventeenth greater than had been 
previously supposed. Armed with these new data, Newton resumed 
his calculations, and in 1687 published his great work, the “ Principia” 
in which he develops the consequences of his groat discovery of the 
laws of gravitation. 

60. Direction of terrestrial attraction. Centre of gravity. — 

As the direction of a force is the direction of the motion or pressure 
caused by it, (40), it follows that a body falling under the influence of 
gravity moves on a line, which would pass, if extended, through a 
point sensibly near the centre of the globe. This point 26 
in the globe is called its centre of gravity. Therefore 
the direction of the force of gravitation is in the line 
uniting the centre of gravity of the earth with that of 
the attractive body. The plumb line , fig. 26, gives this 
direction. Here a mass of lead is suspended by a string, 
and when it is at rest, it is evident without a mathe- 
matical demonstration, that the direction of the pressure, 
and hence that of the force of gravitation, coincides 
with that of the plumb line. This direction is called 
the vertical , and a direction perpendicular to it is called 
the horizontal. Such is the surface of a liquid at rest. 

It is plain, on the slightest reflection, that as the 
plumb line coincides at every poiLt of the earth’s surface very nearly 
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to the radius of the same points, that several plumb lines placed near 
each other, are sensibly parallel to each other (but are not mathemati- 
cally so), because the distances between them are almost insensible 
compared to the length of a radius of the earth. The convergence is 
only one minute to a geographical mile. 

The rotation of the earth does not affect the direction of a falling body, 
because it had, before it fell, the same velocity as the earth itself. Thus a bullet 
dropped from the mast-boad of a ship, sailing never so rapidly, falls to the deck 
«n precisely the same spot as if tho ship were motionless — in virtue of the prin- 
ciple of the composition of motion, (45). Nevertheless, if bodies fall from a 
very great height, there is an easterly deviation, as Newton announced, because 
at the point of departure, on a circumference sensibly larger than at the surface 
of tho earth, the body has a horizontal velocity sensibly greater than the latter. 
For a height of 550 feet, calculation indicates a deviation of 0*108 inch, and 
experiment gave Kcich in the deep mines of Freyberg 0*110 inch. 

61. Point of application of terrestrial attraction. — As every 
particle of a body is equally attracted by tho earth, there must be as 
many points of application for this force as there are particles of matter 
in the body. Hence from the principle (46) for finding the resultant 
of a system of parallel forces, it follows that if a body be supported by 
a flexible cord from a fixed point, it cannot remain at rest unless the 
resultant of all the parallel forces which gravity exerts on it passes 
through the point of support. 

It is thus possible to determine experimentally the position of the 
resultant of the system of parallel forces which gravity exerts upon 
a body. 

27 For example, in fig. 27, 28 

the chair is held by a string 
attached to one arm, and the 
resultant of the forces ex- 
erted by gravity is in the 
line A B, in which the chair 
comes to rest. But if the 
chair is supported from an- 
other point, as in fig. 28, it 
will come to rest in a new 
position, and the resultant 
will now be found also in a 
new position, namely in the 
line C D, and so for every 
new point of suspension we 

am by experiment demonstrate a different position for the 
sultant. 
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62. Centre of gravity. — As there is in every solid body a point 

about which, when it is suspended, its molecules are equally dis- 
tributed in every direction, all the atti actions exerted upon them may 
be replaced by a single resultant force applied at this point. Bu> 
whatever position the body may assume, the resultant of its parallel 
forces of gravity will always pass through the same point. This com- 
mon point, of intersection of the resultants of gravity in any body, if 
called the centre of gravity. As we may find the resultants experi 
mentally, so also is the centre of gravity of any Rolid 29 

easily found. If any irregular solid is suspended, as in « 

fig. 29, its centre of gravity will lie in the line c d, pro- 
longed through its axis. It will alst lie in the line a b t 
by which the body is a sccoud time suspended, and being 
found in both lines, it must necessarily be At their inter- 
section. A correct conception of tho important relations 
of the centre of gravity lies at the foundation of the 
whole science of mechanics, and especially of equi- 
librium. 

63. Corollaries. — (1.) The centre of gravity must be regarded as 
the point of application of the resultant of the forces which gravity 
exerts upon the molecules of any body. This is proved by the fact 
that the point of application is any point on the line of the resultant, 
and that the centre of gravity is a point common to all the resultants. 

(2.) When the centre of gravity is supported, the body remains at 
rest. Conceive the irregular mass, fig. 29, to be sustained on an axis 
passing through a b or cd, the body will remain at rest in whatever 
position of revolution it may be, on either of these axes, sinco the whole 
intensity of the forces of gravity is expended in pressure against the 
points of support. 

(3.) The sum of all the attractions exerted by any mass of matter 
may be conceived as proceeding from its centre of gravity. Newton 
has demonstrated that a particle of matter placed without a hollow 
sphere is attracted in precisely the same manner as if the whole mas« 
of the sphere were collected at its centre, and constituted a Bingle pa** 
tide there. The same must be true of solid spheres, since they may be 
regarded as made up of a great number of hollow spheres, having the 
same centre. 

The principle that action and reaction are equal and opposite (27), 
applies perfectly to the mutual attractions of the masses of matter. 
Hence follows the somewhat startling inference that the earth must 
rise to meet a falling body. This is unquestionably true, but since the 
mass of tfo earth is almost infinitely greater than that of any body 
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falling on its surface, its motion must likewise be almost infinitely 
small, since the velocity v', acquired by the earth at the end of one 
second is as much less than the velocity r, acquired by the falling 
body, as the mass of the body (m) is less than the mass of the earth 
( M ), or 1 / : v == m : M. 

64. Centre of gravity of regular figures. — In case of solids which 
have a regular figure, and uniform density, it is .not necessary to resort 
to experiment. In such bodies, the centre of gravity coincides with 
the centre of figure, and to find it is a question purely geometrical. 
The truth of this assertion may be shown, if we suppose a plane or 
line to be divided into two equal and similar parts, so that its mole- 
cules are arranged two by two, with respect to the dividing line. Take 
any two molecules similarly situated, on opposite sides of the division, 
their attractions will be equal and opposite ; and so also of every other 
pair; therefore, the resultant of the system must be at the point of 
division, and the centre of gravity is there also. 

The centre of gravity of a circle, or sphere, is at the centre of each ; 
of a parallelogram or parallelepiped, at the intersection of the diagonals ; 
and of a cylinder at tho middle point of its axis. To find the centre 
of gravity of a triangle, fig. 30, draw a line A D, from the vertex to 
the middle point of the base; it will 30 

divide equally all the lines, as m n , drawn 
parallel to the base. If the triangle is 
placed so that the line A D may be 
exactly over the edge of tho prism P Q, 
each one of the rows of molecules com- 
posing the figure, as m », will be in 
equilibrium on tho edgj of the prism, b 
since it is supported at its centre. The 
same will be true when they are united, 
and the triangle will not tend more to one side than another; hence its 
centre of gravity must be in the lino A D, and for a like reason, also 
in the line BE (situated similarly to A D), and therefore at their inter- 
section Q. It may be shown geometrically that the point, thus found 
divides the line joining the summit and the middle of the base, into 
two parts, of which the one nearest the vertex is double that nearest 
the base. 

Support of a triangular mass at its angles.— If it were required to sup- 
port a triangular block of marble at its angles, we may find what part of the 
weight will be sustained by each support, by applying the foregoing principles. 
Tho we'ght of the block, fig. 31, which' we will suppose to be 45 lbs., is a force 
applied to its centre of gravity, g. We have stated that the distance bg is twic* 
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the dilitooe g d, and hence we may resolve the vertical foroe of 46 'b*. ( 
at g, into two others; one of 15 lbs. at 6, and the 
other of 30 lbs. at d; but the last force, since it acts 
at the middle point of a e, may also be resolved into 
two others of 15 lbs. each, acting the one at a, and 
the other at c. Hence the weight of the triangle is C| 
equivalent to three equal forces acting vertically at 
its angles ; and the three points of support sustain is 
equal pressures, whatever may be the form of the 
triangle. 



65. Centre of gravity lying without the body. — The sentre 

< f gravity is not, necessarily, in the body itself, 82 

but may be in some adjoining space. This is 
evidently true of the solid ring, fig. 32, and 
generally of any hollow vessel, of whatever 
form. 

Of a compound body, the centre of gravity is 
easily found by composition of forces, when the 
weights and centres of gravity of the parts are 
known. 

66. Equilibrium of solids supported by an axis. — A solid is in 
equilibrium when its centre of gravity is supported. This is according 
to 1 63. But this condition may be fulfilled in different ways, according 
to the method of support. If a disk of uniform density, fig. 33, is sup- 
ported by an axis, passing through the centre a, 
which is also its centre of gravity, it will be in 
that sort of equilibrium which is called indifferent , 
because it has no tendency to revolve, either to the 
right or left, but remains at rest in all positions. 

If the axis passes through 6, the disk will be in 
stable equilibrium; for if it is turned about its 
axis, the centre of gravity will move in the arc m n, 
and being no longer vertically below the axis, it will not be directly 
supported by it, but tends always to return to its former position. If 
the axis is at c, the equilibrium is unstable; for, if the centre of gravity 
is in the least removed from a position vertically above the axis, it 
eannot return, but it will describe a semicircle in its descent, until it 
comes to rest exactly below the point of support. 

* In general terms, therefore, a body attached to an axis may be io 
stable, unstable, or indifferent equilibrium, according as its centre of 
gravity is below, above, or upon the axis. 

67. Equilibrium of aoiida placed upon a horizontal aurfaca.— ■ 
In bodies placed upon a horizontal surface, the centre of gravity, at ie 
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those which are suspended, tends to descend, and if the bodies are free 
to move, they will rest in one of the positions of equilibrium just 
named. If rays are drawn from the centre of gravity to every part of 
the surface, some of these rays will be oblique, and some perpendicular, 
or normal to the surface, whatever may be the external form of the 
body ; and among the normal rays, there is generally a longest and a 
shortest ray. If the body rests upon the plane, at the extremity of one 
of the normal rays, its centre of gravity is evidently in the vertical line, 
drawn through the point of contact, and the body is in equilibrium. 
But if it rests at the extremity of an oblique ray, the centre of gravity 
is not supported, since it is not in the vertical of the point of contact, 
and the body falls. 

If the normal ray at the point of contact is neither longest nor 
shortest, but simply equal to the adjacent rays, the equilibrium is indif- 
ferent. Such is the case with a sphere, placed on a level plane; it 
rests in every position, for its centre of gravity can- 
not fall lower than it is. But this position cannot 
be assumed by a body not strictly spherical. For 
example, if an egg rests at the extremity of a longest 
descending ray, a, as in fig. 34, it will be in unstable 
equilibrium, since motion to either side tends to 
lower the centre of gravity, and enable it to fall ; but 
if it rests at the extremity of a shortest ray, a', it * 
will be in stable equilibrium, since any motion side- 
ways must raise the centre of gravity, and it will, therefore, fall back 
to its original position. 



68. Centre of gravity in bodies of unequal density in dif- 

ferent parts. — If the density of a body is unequal in different parts, 
its centre of gravity will be external to its centre of magnitude, and 
the body can come to rest in only 35 

two positions, when the centre of 
gravity is at the highest, and at the 
lowest place in the vertical of the 
point of contact. If a cylinder of 
tliis description were placed upon an 
inclined plane, as in fig. 35, it would 
bo in equilibrium when its centre of 
gravity was at either e or a ; if at e, 
and the cylinder were moved a little to the right, the centre of gravity 
WDuld fall through the arc co, but at the same time the cylinder itself 
would perform the apparent contradiction of ascending the plane. 

69. Equilibrium of bodies supported in more than one point.— 
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When a body is supported by two points, the vertical, from its centra 
of gravity, ought to fall on the centre of the line which connects them. 
If a body has four points of support, as a common table, the vertical 
should fall upon the intersection of their diagonals. 

In carriages, if the vertical falls in a different manner, tho load is improperly 
distributed, and the carriage will be liable to upset, in passing over an uneven 
read. 

A body resting on a base more or less extended* will be in equilibrium 
only when the vertical from the centre of gravity falls within the area 
of the base ; and the body will stand firmer in proportion as the centre 
of gravity lies lower, and the base is broader. A pyramid is, therefore, 
the most stable of all structures. 

The singular feats exhibited by children’s toys, and by ropo-dancors, depend 
on the facility with which tho centre of gravity is shifted. 

1 2. Laws of Falling Bodies. 

70. Gravity is a source of motion. — In discussing tho laws of 
motion, we have already cited gravitation as a source of uniformlv 
accelerated motion. We have now to consider the laws of falling bodies, 
and in doing so we shall have occasion to recapitulate some of tho 
ground already passed over. 

71. The laws of falling bodies are five, as follows: 

The first law is — The velocity of a falling body is independent of it i 
mass . 

Galileo (born 15G4), who first demonstrated the laws of falling 
bodies, at Pisa, argued that if the molecules of a body were separated 
from each other, each molecule would fall with the same velocity, since 
each is solicited by the same force ; and if we conceive these molecules 
reunited into a mass, each particle still nets alone, and hence it, is of no 
importance whether the particles are many or few. The velocity of thft 
mass will be that of one of its particles — and, consequently, is indfr* 
pendent of the mass. 

The second law is — The velocity of a falling body is independent of 
the nature of {he body. Experiment alone can confirm this law, which 
at its first statement appears to be contradicted by common obser- 
vation. 

* For example : a gold coin falls swiftly, and in a straight lino, but a piece 
of paper descends in a devious course, and with a slow, hesitating motion. 
Tho popular explanation is, that the coin is heavy and the paper light; but 
this cannot be the true reason, since, when the gold is beaten out into thin 
leaves, its weight remains the same, but the time of its fall is very muoH 
prolonged. 

T 
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The differences in the time and manner of falling *** caused eo'tlp 


by the resistance of the air; which resistance varies, 
according to the shape and volume of the body, and 
not according to its mass, or the number of particles 
contained in it. This conclusion is established by the 
guinea and feather experiment, first devised by New- 
ton, who used a glass tube 10 feet long, arranged as 
in fig. 36, with a stopcock for removing the air by an air- 
pump. Bodies of uulike density, as a coin and piece oi 
paper, within the tube will, when it is suddenly inverted, 
be Been to fall with equal rapidity, and strike the bottom 
togother ; but after admitting the air, the one will descend 
swiftly, and the other will be retarded, just as it happens 
when they fall under ordinary circumstances. A piece 
of stiff paper, cut to the exact size of a coin and placed on 
it, will fall with it, if care is taken to drop the two quite 
horizontally, and without disturbing the position of the 
paper on the coin. This simple experiment illustrates the 
law as well as the vacuum tube, the resistance of the air 
being all met by the coin. Thus, when no resistance 
modifies the effects of gravity, it attracts all bodies with 
the same energy, and gives them the same velocity, what- 
ever may be their weight, and whatever the kind of mat- 
ter of which they are composed. 

The third law is — The velocity acquired by a body 
falling freely from a slate of rest is proportional to the 
times , and follows the order of the natural numbers 1, 2, 3, 
&c. This is the case of a uniformly accelerated mo- 
tion, (32). 

The fourth law is — The whole spaces passed over by a 
falling body, starting from a state of rest, are proportional 
to the squares of the times employed in falling — while the 
spaces fallen through in successive times increase as the 
odd numbers 1, 3, 5, 7, &c. The velocity of a body when 
it begins to fall, is nothing ; but from that moment it regu- 



larly increases. Let us represeut the velocity acquired at the end of fLt 
1st second by g*, then the average velocity during the same time will b* 



the arithmetical mean between 0, the starting velocity, and e, the final 
Telocity. A body moving at this rate, will traverse the *une space ia 
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one second which it would have fallen in one second ; let this space 
— s; then the space being equal to the product of the velocity and the 
time, \g X 1 = «, or g = 2 s ; that is, the final velocity acquired by a 
body falling one second, is double the space through which it has fallen* 
It has been ascertained that in latitude 45° this space is about lG^ 
feet, (16*08538 feet, see 90) and g~ 32J feet. 

In the 2d second, the body starts with a velocity of <7 = 32J feet, and 
acquires, at the close, the velocity of 2 g - 04 j feet. The space fallen 
during the same time is 48} feet ; via. 32} feet by the velocity acquired 
during the first second, and 1 (V feet by the gradual action of gravity 
in this second only. Or as before, the space described by the body 
during the 2 d second, is equal to the space it would have fallen with 
the mean velocity betw’ccn its initial and final velocities; i. e. w*ith the 
velocity 

<7 + 2// 3.7 .... 

2 2 ’ S ' 

the* space, therefore, 3 X 16,^ 48} feet. 

In the same way we find that the velocity acquired at the end of the 
3d second, will he 3//~ 90} feet; and in the same time the body will 
have fallen, w r ith the mean velocity, 

2/7 I- 3/7 _ 

2 ‘ 2 

through a space of 5# — 5 X 10^., — 80 ^ feet. 

A falling body, therefore, descends, in the 2 d second of its fall, 
through three times, and in the 3d second, through five times the Bpace 
fallen in the first second. Or in the words of the 4th law r , the spaces 
increase as the odd numbers. 

Whole apace described by a falling body. — We have seen that 
the time of falling, and the final velocity, increase in the same ratio ; and 
that the average velocity of any fall, is exactly half the final velocity 
and the whole distance fallen is the same as if the body bad moved at 
a uniform rate, with a mean velocity : hence, any increase in the time 
of falling is attended by a corresponding increase of the average 
velocity during the whole fall. But the whole space described in nny 
fall is jointly proportional to the time, and the average velocity; if, 
therefore, the time is doubled, the body falls not only twice as long, but 
also twice as fast, and it must descend through four times the distance. 
Again, if a body falls three times as long as another, it also falls with 
three times the average velocity, and descends, altogether, through 
nine times the distance. The times being represented by the order of 
the natural numbers, 1, 2 , 3, Ac., the spaces are represented by their 
squares, 1, 4, 9, 16, Ac. 
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The fifth law is — A body falling freely from a state of rest acquires , 
during any given time , a velocity which would , in the same time , carry it 
over twice the space already traversed. 

We have seen that a body falling for any time, acquires a final velo 
city which is double the average velocity of the fall ; if, therefore, the 
action of gravity were suspended at the end of any given time, and the 
body continued to move with its acquired velocity, it would, in the 
same time, traverse twice the distance it had already fallen. For 
instance, the space fallen through in three seconds is 144} feet, and 
the final velocity is 90} feet ; now a body falling uniformly, for three 
soconds, with this velocity, would pass through a space of 3 X 96} =• 
289} — 2 X 144} feet. 

Table expressing the laws of falling bodies. — The following table 
expresses the ‘2d, 3d, and 4th laws: (See 32.) 


Times, 

i, 

2, 

3, 

4, 

5. 

The final velocities, 

2, 

4, 

G> 

8, 

10. 

The space for each time, 

1, 

d, 

5, 

n 
i , 

9. 

The whole spaces, 

1, 

4, 

9, 

16, 

25. 


Let D = the distance, t — the time, V~ the final velocity, and g =* 
the velocity acquired during the first second, then from the foregoing 
laws we may deduce the following equations, by which practical ques- 
tions are readily solved. 

(1.) V — gt, whence (2.) t = — . 

9 


filT 

(3.) D — igt 2 , whence (4)2 = \l 

* 9 

By substituting in (3) the value of t (2) 


And substituting (4) in (1), 


y* y i 

d -*»x 7 -— v 


72. Verification of the laws of falling bodies; Atwood's Ap 
paratns. — It is evident that the third and fourth laws of falling bodies 
cannot bo verified by direct experiment ; both because the results of 
such a trial would bo disturbed by the resistance of the air, and 
because the velocity of the fall is too great to be followed by the eye. 
But there are mechanical contrivances by which the intensity of the 
force of gravity may be diminished, without changing its nature. We 
ean cause a falling body to descend so slowly that the resistance of the 
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Mr bocomes imperceptible, a. id all the oircumstauces of the fall may then 
be observed with entire precision. Galileo 37 


used an inclined plane to verify his laws, 
but a far more exact form of apparatus is 
now in use for this purpose, called, from the 
name of its inventor, Atwood’s apparatus 

This apparatus, fig. 37, is composed of a ver- 
tical column, about eight luut in height, sur- 
mounted by a large wheel, moving with the 
least possible friction, and upon which is sus- 
pended a fine silk cord, carrying equal weights, 
B B r , at its extremities. A scale of feet and 
inches is marked on the standard, parallel to the 
path of one of the weights, to measure the spaces 
through which it falls, and the corresponding 
times are shown by tho seconds pcudulum. To 
insure tho simultaneousness of the fall with the 
beat of the pendulum, the weight is set in mo- 
tion by the fall of the tablet 11, which is released 
by the action of an electro- magnet, (1, (seen on 
a large scale in fig. 38), acting as will presently 
bo explained. The weights B and JJ' being 
equal, the force of gravity has no effect upon 
them, and they remain at rest in any position. 
But lot one of them, as B, bo increased by a 
small additional weight, 11", and the equi- 
librium will be immediately disturbed. The 
weight of B" being the only disturbing force, 
the motion produced is of the same kind as the 
motion of a body falling freely, but the rate of 
acceleration and the space fallen through, arc 
each as much less as the mass of IS" is less than 
the combined masses of B" -f 2 B. 

The form and relation of B and 13" are more 
clearly shown in the enlarged scale of fig. 38. 
For example; let B" be a quarter of an ounce, 
and the weights B and B' be each 24 ounces, 
or 96 quarter ounces. The whole mass to be 
moved, by the action of gravity upon B" only, 
is 193 times the weight of B", and therefore the 
velocity imparted, and the space fallen through, 
must be 193 times less than the velocity and 
•pace of B" falling freely. 

In the apparatus here figured, the beats of 
lbs seconds pendulum are announced by the 
bell, whose hammer, I, is struck by the electro- 
magnet, G, as neatly constructed by llitchie. 



A point, £, on the pendulum rod, just touches a drop of mercury as it passes 
the vertical line, and thus completes for an instant the circuit of a vcltan 


battery, whose terminal wires are shown at the base of fig. 37. 


7» 
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The electro- magnet then acts, and its armature, G' V, moves to the ; 
of G, thuB releasing, first the tablet II, and with it 38 

the weight B, and next announcing the successive 
seconds upon the bell, at each swing of the pendu- 
lum. No clock-movement is required to secure 
the accurate beats of the seconds pendulum during 
the short period of a single experiment. Now If, 
with B" attached to it, will full from the tablet II, 
at the instant the first sound of the bell is heard, 
following tho first swing of the pemlulutn. At the 
instant of tho next ring, the weight will be seen to 
have fallen exactly 1 inch ; during the second beat, 
through three inches more; during the third beat, 
through 6 inches ; during the fourth beat, through 7 
inches, Ac., according to the fourth law. 

In the same experiment it appears, that the whole 
space fallen through at the cud of the 1st second, is 

I inch; at tho end of the 2d second, 1 inches; at j ^ 1 

the end of the 3d second, 9 inches; at the end of the 
4th second, lfi inches, Ac., according to the first 
clause of the 4th law. 

To demonstrate tfcc 3d and 5th laws, it is neces- 
sary to arrost the accelerating force at a given mo- 
ment. This is accomplished by giving to B" the 
form of a slender bar, as shown in fig. 3S, long 
enough to bo caught by the sliding stage C, while B continues its course wifo 
a uniform velocity, from the time it ceases to be acted on by the gravity 
of U". The velocity at the end of any second is determined by the space 
traversed during the next second. If the stage C is fixed at the distance 
of one inch from tho top of tho scale, If" will be detached at. the end of 
tho first second, and B will descend uniformly through two inches during 
each succeeding second. If tho ring is fixed at the fourth division, the bar will 
strike at the errd of two seconds, and B will pass on at the rate of four inches 
per second. By the use of this simple and ingenious apparatus, a most satis- 
factory experimental demonstration of the truth of Galileo’s laws of falling 
bodies is obtained. 

Morin’s Apparatus. — Another apparatus for the verification of these 
laws has boon contrived by Morin, a French physicist, in which the velocity of 
tbo falling body is not retarded, and the error from atmospheric resistance is 
made inconsiderable by the use of a large weight. The falling body carries a 
crayon which marks a lino on a rapidly revolving vertical cylinder, covered with 
paper, and divided by vertical and horizontal linos, representing respectively 
time and distance. The line drawn by the crayon carried by tbo falling body is 
s portion of a parabola, a curve whoso distance from each division on its verti- 
cal axis is os the ratio of the squares of tho successive divisions on that line. 

73. Application of the laws of falling bodies. — The laws of 
falling bodies apply equally to every motion produced by a uniform 
force or pressure. 

In every such motion, the velocities are proportional to the times elapsed 
finee the motion began; the final velocity is twice *be average velocity; the 
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ipaoM described in equa> .ucoessive times, increase as the odd numbers ; and 
the whole spaces increase as the squares of the times in which they are described. 
But in each instance tho velocity acquired, and the space described in a given 
time, will be different; and the rate of acceleration will never bo so rapid osjta 
the case of a body falling freely, because in no othor instance will the force be 
so great in proportion to tho quantity of matter moved. 

74. Descent of bodies on inclined planes.— When a body is 
placed upon an inclined plane, it descends, as just explained, with a 
uniformly accelerated motion, but its velocity is less than that of a body 
falling freely. The weight of the body, 39 

or its gravitation, represented by the line 
e g, fig. 39, is resolved (50) into two 
components one of which, ef ( or pg), is 
perpendicular to the plane, and produces 
pressure only, and the other, ep (or fg), 
is parallel to the plane, and is the cause 
*of the accelerated motion. The triangles 
tfg and abc being similar, their cor- 
responding sides are proportional, and 
we have 



fg : eg — ac : ab; 

that is, the rate of acceleration on an inclined plane, is to that of a body 
falling freely as the height of the plane is to its length. 


/ 


Tho final velocity depends on the height of the plane. In 40 

fig. 40, let a c, the height of the piano, be i of its length ab \ Q 
then, that part of the weight of the body which produces P" 
motion, is $ of tho whole force, and tho velocity acquired, ' 
and tho space traversed in one second, by the action of this 1 
force, would be $ of the velocity and space of a body falling 
freely. Let the line a f represent K)- 1 ^ ttn( * t ' a ^° a 
equal to $ of «/; thon, a body starting from a would arrive 
at d in one second, or, falling freely, it would reach f iu the 
same time. / 

Draw the horizontal line e d ; the ratio of a e to a d is the 
same as the ratio of « c to a b ; that is, a « is equal to | of a d ; and a d having 
been taken equal to $ o fa f, a e is of a f. Since the spaces increase as tbs 
squares of tbe times, the body that would fall to / in one second would fall to 
e in i of a second ; and (3d law) the velocity acquired at e would bo i of the 
velocity acquired at /. But wo Kavo already seen, that the velocity acquired 
by a body descending to d, is § of tho velocity acquired by tbe same body 
falliog to /, in tbe same time ; hence the velocity of a body descending the 
inclined plane to d, is equal to that of a body falling freely to e ; and generally— 


The velocity acquired at any given point on an inclined plane, is 
proportional to the vertical distance of that point below the point of 
departure. 
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Fiom this it also follows that the average velocities are the same m 
descending all planes of the same height ; and, therefore, the times of 
descent are proportional to their lengths. *' 

75. Descent of bodies on curves. — It was shown by Galileo that 
all bodies starting from & horizontal plane with equal initial velocities 
arrive at the level of a second horizontal plane with equal velocities, 
whatever kind of curve they may have passed over. This is a general 
truth of which thc.statement at the close of the last paragraph is only 
a particular case. From these principles it follows that the velocity 
acquired in descending any regular curve is the same as would be 
acquired in falling freely by gravity through the same vertical height. 
But the time of descending a curve, concave upwards, is less than is 
required to descend an inclined plane between the same points, while 
for descending a curve convex upwards a greater time is required. 

7G. Brachystochrone ; or curve of swiftest descent. — it was 
demonstrated by J. Bernoulli, and is confirmed by experiment, that 
a body descending a cycloid , whose base is horizontal, reaches its 
goal in less time nian by any other path between the same points. The 
cycloid is a plain curve, described by 41 

a point on the circumference of a 7/, 
wheel, rolling on a level surface with- 
out slipping. The curve hd in the 
triangle hkd , fig. 41, is part of a 
cycloid. 

At first it would seem that the 
straight line hd. being an inclined plane, would be the brachy- 
stochrone, since it is shorter than the cycloid joining the same points, 
but the latter descends very rapidly at first, and so the falling body 
acquires near its starting point a much higher velocity than it would 
on tho inclined plane. This increased velocity it adds to each of its 
subsequent movements, and though its velocity on arriving at d is no 
greater than if it had passed down the inclined plane, it arrives there 
in a shortor time than it could by any other path. Another curious 
property of the cycloid is, that a body will descend from h to d in this 
ourve, in the same time it would descend to d from any intermediate 
point in the cycloid. 

77. Action and reaction of a falling body.— On arriving at the 
bottom of a plane or curve, a body will have acquired (5th law) a velo- 
city, such as would carry it, in the same time, over a distance equal to 
twice the length of the descent, or cause it to ascend another similar 
ourve. The ascent of the body being opposed by the constant force of 
gravity, will be retarded at a rato which exactly corresponds with its 
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previous acceleration. On the double curve ABC, fig. 42, the body 
will have equal velocities at any 42 

two points at the same level, as at 
E and D ; and the velocity being 
nothing when the body has arrived 
at 0, it will descend again and 
maunt to A, the point from which 
it first started. This alternate 
movement being caused by the constant force of gravity, would con- 
tinue for ever, and furnish an instance of perpetual motion, were it not 
for the* resistance of the air and friction, by which the body is gradually 
brought to rest at B. 

The pendulum is an example of a body alternately ascending and descending 
a * ery small circular curve. 

i 3. Measure of the Intensity of Gravity. 

I. PENDULUM. % 

78. The pendulum. — Any body suspended by a flexible cord, or 
wire, from a fixed point of support, is a pendulum. A plumb line is 
a pendulum, and when it is at rest, as we have seen (00), it shows the 
exact vertical, and indicates the direction of the force of gravity. But 
if it is moved from the perpendicular into any other position, and left 
to fall, the pendulum swings iu a vertical plane, and rises on the other 
side of the vertical to a height equal to that from which it had fallen. 
The cause of these alternate movements is gravity, and the motion is 
called an oscillation . 

To aid in the study of the movements of the pendulum, mathema- 
ticians distinguish between the simple, or mathematical pendulum, and 
the compound , or physical pendulum. 

79. Properties of the simple pendulum. — The simple pendulum 
Consists, by mathematical conception, of a single heavy particle of 
matter, suspended at the extremity of a line, without weight, inexten- 
sible, and perfectly flexible. Such an instrument is purely ideal, and 
is conceived of only as a convenient means of investigating the laws )f 
the real, ot physical pendulum. 

Let C M, fig. 43, be a simple pendulum , in a vertical position, and 
consequently in equilibrium. If it is moved to the position C m, the 
weight m P, acting at the point m, is decomposed into two components, 
m B acting in the ejection C m, and consequently destroyed by the 
resistance of the point of support, and m D perpendicular to C m, 
which solicits the return of m to the position of equilibrium This lust 
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component is equal to g sin. a ; calling g the accelerating force of gr&Yitj, 
represented by m P, and a the angle m C M, or 
DAni, which is the same thing. 

It is plain that the component m D must 
diminish with the angle a, that is in proportion 
as the pendulum approaches the point of equi- 
librium C M. The accelerated velocity of its 
fall is therefore not a case of uniform accelera- 
tion, since it becomes null when the pendulum 
is vertical.^ 

The pendulum does not however rest at M, 
but, in virtue of its acquired velocity (momen- 
tum), it rises through an equal ascending arc 
M n, with a retarded motion, since the compo- 
nent of gravity, tangent to the arc described, is 
now turned in the opposite direction — so that this component diminishes 
the velocity at each point of M n, by a quantity equal to the increase 
of velocity acquired at the corresponding points of m M, and equi- 
distant from M. Thus the acquired velocit}' is entirely destroyed when 
the pendulum has passed over the arc M n, equal to M m. At n it 
rests for an inappreciable instant, after which it returns again to M, 
mounts to m, and would thus continue moving for ever like the ball 
rolling in a double curve (77), supposing it met no resistance from 
friction and the air. 

Each swing, from n to m, or m to w, is called an oscillation , and one 
half the angle n C m , or one half the arc n in , which measures it, is 
called the amplitude of the oscillation. The time occupied in describ- 
ing the arc m n is the time or duration of an oscillation. The angle 
of elongation n C M, or M C m, measures the deviation of the pendu- 
lum from the vertical. 

80. Isochronism of the pendulum. — From the last section it is 
evident that the movements of the pendulum, on each side of the vert* 
cal, are made in equal times. But it is also true that the duration of 
an oscillation is always the same, in the same locality, and provided 
the angle of elongation, n C M, fig. 43, does not exceed 4° or 5°. 
Within this limit the time of oscillation is sensibly the same, and the 
pendulum requires as much time to describe an are of cne-tenth }f a 
degree as one of ten degrees. The explanation of this curious and m^st 
remarkable fact is to be found in the varying length of the component 
D m, fig. 43, which increases with the angle of elongation. Hence, 
the greater length of arc is exactly compensated by the greater velocity 
with which the pendulum describes it. This is wh&t is meant by the 
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utockronirm of the pend slam — from two Greek words, meaning egttol 
times This isochronism is not, however, absolute, unless the ampli- 
tude if the oscillation is infinitely small. 

81. Formulae for the pendulum. — The property of isochronism, 
and the other properties of the simple pendulum, when the amplitude 
is infinitely small, are comprised in the formula — 



/representing the duration of an oscillation, l the length jf the pen- 
dulum, n the relation between the circumference and diameter of a 
circle (equal to 3*1410), and g the accelerating force of gravity. 

If the amplitude of the oscillations is not infinitely small, the formula 
becomes, for ordinary limits, 

( 1+ i£)* 

where a is one-half the length of the arc n *», fig. 43. It requires the 
aid of the higher mathematics to demonstrate these formulae fully, but 
we may deduce from them the following important propositions: 

82. Propositions respecting the simple pendulum. — 1st. OsciU 
lutions of small amplitude are made in times sensibly equal. By substi- 
tuting in the first formula / =- 39 140f»(> inches, as determined by experi- 
ment, for the seconds pendulum at London, and let T - 1', we shall 
find the accelerating force of gravity, g — 32*175 feet. Substituting 
these values of// and l in the second formula, and also a = 3*1416 -f- 90 
= 0*0349, we shall have for the time of vibration when the elongation 
is four degrees on each side of the vertical T= 1*000076, which differs 
from the time of vibration, when the arc of vibration is infinitely small, 
by only seventy-six millionths of a second. 

2d. The duration of an oscillation in pendulums of different lengths , 
is proportional to the square root of the length of the pendulum. This 
law may he demonstrated experimentally by comparing pendulums of 
different lengths. If the lengths are in the ratio of 1, 4, 9, then the 
times of oscillation will be as 1, 2, 3, respectively. Let throe such 
pendulums, arranged as in fig. 44, commence to oscillate at the same 
time ; it will be found that the one-foot pendulum makes two Obcillar 
tions fer each oscillation of the four-foot pendulum, and three oscil- 
lations for each one made by the nine-foot pendulum. The time of 
oscillation, and the length of the pendulum being known, we may 
determine by this law, 1st, the length of a pendulum which would 
oscillate in any proposed time ; and, 2dly, the time of oscillation of a 
pendulum of any proposed length. For the times of oscillation are as 
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the square roots of the lengths, or, what is the same thing, the 
lengths are as the squares of the times. 44 


Or mathematically, by substituting in the first equation 

IIP 

81) C = .* / , which is a constant quantity at any given 

X 9 . 

place, the equation becomes T == C |/ l. For a pendulum of 
any other length, as l\ we have T = C\/ V and comparing 

the two 

T : T ' =|/ l : ’j/ V : and also 
• l:l'=T‘: F\ 

3d. In a pendulum of invariable length the duration 
Is inversely proportional to the square root of the inten- 
sity of gravity. lienee, 

T: = 

where g ' and g represent the intensity of gravitation at two 
places. 



83. The physical or compound pendulum Cen- II 

tre of oscillation. — The simple pendulum, as already y 

remarked, is only an intellectual conception, and cannot 
be realized in experiment. Practically, \vc employ for the physical 
pendulum a heavy body, suspended by an inflexible rod from a fixed 
point. The axis of suspension is usually a knife 
edge of steel, resting on polished agate pianos, or 
hard steel. In the physical pendulum the rod lias 
weight as well as the ball ; and nearly all the ma- 
terial points of both rod and bull are placed at 
different distances from the point of suspension. 

Let us examine the oscillations of any two of these 
material points, m and n, fig. 45. If they were 
suspended by separate threads, then, according to 
the 3d law, m would oscillate more rapidly than 
n ; but if they are suspended by the same inflex- 
ible wire, they must move together, and make 
their oscillations in tho same time. The first 
accelerates the second, and tho second retards the 
first, so that their common velocity is intermediate between the velocity 
of either of them, oscillating alone. Such a compensation takes place 
in every oscillating body, and between the particles which are nearer 
and those more remote from the point of suspension, there is always a 
point so situated that it is neither accelerated nor retarded, but oscil- 
lates exactly as if it were suspended alone, af the end of a thread. 
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without weight. This remarkable point is called the centre, of oscilla- 
tion ; and its distance from the point of suspension is the length of the 
pendulum. This is equal to the length of a simple pendulum which 
would oscillate in the same time as the physical pendulum. 

The position of the centre of oscillation depends upon the form, mag- 
nitude, and density of the several parts of the pendulum, and the posi- 
tion of its axis. If the rod of the pendulum is thick in proportion to 
the bail, its centre of oscillation will bo higher than in a contrary 
arrangement. It is always below the centre of gravity, although what- 
ever raises or lowers the centre of gravity will change the centre of 
oscillation in the same direction. Whatever may he the positions of the 
point of suspension and the centre of oscillation , they are always inter- 
changeable ; t. e., if the pendulum is suspended by its centre of oscilla- 
tion, these two points exchange their functions, and tho oscillations are 
made in the same time as before. It is by an experiment of this kind, 
that the centro of oscillation, and consequently the length of a pondu- 
lum, is determined. This remarkable property of the compound pon- 
dulum was first demonstrated by lluyghens. 

84. Application of the pendulum to the measurement of 
time. — Galileo, to whom we owe the discovery of so many important 
physical laws, discovered also the properties of the pendulum. When a 
choir boy in the great Cathedral of Pisa (from whose hell tower — the 
leaning tower of Pisa — he demonstrated long afterward the laws of 
falling bodies), and not yet eighteen years of age, his attention was 
arrested by the great regularity of the movements of a lamp suspended 
by a chain from the ceiling of the cathedral. This observation led him 
to the discovery in question. Although Galileo attempted to employ 
the pendulum to measure time, it was the great Dutch philosopher, 
Christian V. lluyghens, to whom we are indebted for the. invention 
(in 1050) of the clock escapement, by means of which the pendulum is 
made to perform its proper function as a time- keeper.* This apparatus 
is seen in fig. 40. 

An oblique-toothed wheel, R, culled a rachrt wheel, is moved by a weight and 
cord. This motion is controlled by a piece, a b, called the anchor oscapement, 
placed ubove the wheel so as to oscillate on its axis of suspension, o o', at right 
angles to the wheel. The oscillatory motion is imparted to the anchor a & by 
the pendulum c P, which is made to communicate with the axis o o' by the 
crotchet o /. If the pendulum is vertical the apparatus is at rest, for then the 

• “ The Arabian astronomers, and more especially En-Junis, at the close of 
(he tenth century and during the brilliant epoch of the Abbassidian Califs, first 
employed these vibrations’' (of the pendulum) “ for the determination of time.** 

' Humboldt' • Cosmos Vol. 5, p. 19.) 

8 
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pallet b of the escapement holds the wheel by the point of one of its teeth. 
• If, however, the pendulum is then moved to 
the left, the wheel is released and moves for- 
ward by foroe of the weight, until the other 
pjint of the escapement a again arrests its 
motion; but the return swing of the pendulum 
in its turn disengages a, and the wheol R re- 
volves the space of another tooth, when it is 
again caught on b, and so on. The motion of 
the wheol R is thus made up of small equal 
advances, succeeding each other regularly with 
the oscillations of the pendulum. The points 
of the teeth on the racket wheel, and also the 
points of tho oscupcmont anchor, are carefully 
formed to offer the least possible friction and . 
resistance to motion. 

The pendulum and escapement of a clock 
are so arranged as to provent the clock from 
running down, except by the regular and 
moasurud velocity indicated by tho movement 
of tho pendulum and escapement. On tho 
other hand, tho escapement is so constructed 
that the rachet whoel imparts to it a slight 
pressure at every swing of tho pendulum, suffi- 
cient to counteract the retarding force of fric- 
tion to which the pendulum is subject. The 
train of wheol-work, of which the clock is > 
oomposod, serves to record tho vibrations of 
the pendulum, and indicato at once to the ob- 
server tho progress of time. 

85. Cycloidal pendulum. — Owing to the resistance of the air, and 
to friction, a pendulum unconnected with other machinery has the 
amplitude oi its vibrations gradually diminished, and vibrations vary- 
ing greatly in amplitude, vary very sensibly in the time .n which they 
are performed. To make vibrations of different amplitude absolutely 
isochronous, Iluyghens conceived the idea of making tho pendulum 
describe a cycloid, which, it will be remembered, is the curve of swiftest 
descent (7G). The vibrations of such a pendulum would, in theory, be 
absolutely isochronous ; but the mechanical difficulties in the way of 
adaptiug the pendulum to motion in this curve forbid its adoption. 

A long, heavy pendulum vibrating in a very small circular arc, is found Ja 
practice the most perfect, and is for this reason generally used in astronomioal 
olooks. The sources of error in tho clock arising from inequalities of tempera* 
ture will be considered in the chapter on heat. 

86. Physical demonstration of the rotation of the earth by 
means of the pendulum. — Mr. Leon Foucault, in 1851, executed the 
first physical demonstration that had been made of the rotation cf the 




GRAVITATION. 


garth upon its axis. This remarkable and most interesting experiment 
consists in suspending a heavy ball to a long and flexiblo wire, and 
allowing the whole to vibrate freely, in the manner of a pendulum 
Under these circumstances it will be found, in these latitudes, that the 
plane of vibration gradually changes its position, turning slowly from 
east to west, or with the motion of the hands of a watch. 

The connection between the motion of the pendulum plane and the 
earth’s rotation, may be easily understood. A pendulum set in motion 
will continue in the same plane of vibration, however the point of sus- 
pension may be rotated. This may be proved by holding in tlio lingers 
a pendulum, made of a simple ball and string, and causing it to vibrate. 
Upon twirling the string between the lingers, the ball will rotate on its 
axis, without, however, affecting at all the direction of its vibrations. 
The reason for this is obvious; the swinging pendulum, when about to 
return (after an outward oscillation) from its point of rest, is made to 
move from that point by gravity alone, and can, therefore, fall in but 
one direction. 

If a pendulum were oscillating at either of the poles of the earth, the 
plane of revolution, ns it would riot change with the revolution of the 
earth, would mark this revolution, by seeming to revolve in a contrary 
direction, and in 24 hours it would mnke apparently the whole circuit 
of 360 degrees. But, at the equator, the plane of vibration is carried 
forward by the revolution of the earth, ami so undergoes no change 
with reference to the meridians. Between the equator and the poles, 
the time required for the pendulum to make 300°, varies according to 
the latitude, being greater the further from the poles. 

The observed rate of motion of the pluuc of vibration nearly coincides 
with that indicated by calculation. Thus, at New Haven (N. lat. 41° 
18J'), the calculated motion, per hour, was 9-928°, the observed motion 
was 9*97°. (C. S. Lyman.) 

The greatest length of the pendulum wire hitherto employed was that 
of 220 feet, in the Pantheon at Paris. At Bunker llifl Monument it 
was 210 feet long; at New Haven 71 feet. The weight of the hall em- 
ployed (usually lead), has varied from 2 to 90 pounds. The longer the 
wire, and the heavier the ball of the pendulum, the greater will he the 
probability of accurate results, for when the mass of the body is great, 
and its motion slow, the resistance of the air will have but compara- 
tively little effect on the direction of the vibration. 

87. The pendulum applied to the study of gravity. — By the 
pendulum we ascertain more accurately than by any other method tho 
truth of the first law of falling bodies ; viz., that gravity acts equally 
upon matter of every description (71). Newton, and more recently 
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Bessel, verified this law, by using a pendulum having a hollow ball, 
which was filled, successively, with various substances — metals, ivory, 
meteoric stones, wool, feathers, liquids, &c. — that could not be otherwise 
submitted to trial. This experiment affords the most precise and unmis- 
takable evidence that gravity (g) acts on all bodies in the same manner. 
Since n is a constant quantity, tlw formula for the pendulum shows 
that if 7* and l do not vary, g remains also constant. 

88. Use of the pendulum for measuring the force of gravity.— 
The value of the term g for any place may bo easily obtained mathe- 
matically (the length of a pendulum which oscillates in a given time 
(T) being known), by transposing the formula for the pendulum (81) ; 
thus wo havo for the intensity sought — 

nH 

9 Ifi 7* ai ‘d assuming T 7 equal unity, then l is 

the length of a seconds pendulum, and we have 
g = ft 2 /. 

Experimentally, we may determine the intensity of gravity at any 
place, by counting with exactness the number of oscillations made at 
the place of observation in a given time, by a pendulum whose length 
is known, and then dividing the time by the number of oscillations. 
Any error in observing the time of a single oscillation is thus greatly 
diminished, by subdivision, and by a sufficient number of repetitions 
this error may be reduced to a quantity too small for consideration. 

It was thus that Borda and Cassini, in 1790, measured with great 
accuracy, the intensity of gravity at the Observatory in Paris, using a 
pendulum composed of a platinum ball, suspended by a fine platinum 
wire, upon knife edges of steel, resting on agate planes. The whole 
was about four metres long, and its oscillations were counted, not 
directly, but by means of an ingenious comparison with the motions of a 
clock pendulum, placed a few metres behind, marking by a telescope 
the occurrence of a coincidence in the vertical position of the two pen- 
dulums, and then observing the number of seconds before a coincidence 
occurred again. The pendulums were inclosed in glass cases, to avoid 
currents of air. 

89. Value of g in these experiments. — After carefully elimi- 
nating the errors of experiment due to the influence of the air (the con 
sideration of which would lead us too far into the refinements of this 
subject for our limited space), Borda and Cassini found for the intensity 
of gravity at Paris g — 9-8088 metres, equal to 32-1798 feet. This 
value has been confirmed by Arago, Biot, and others, and slightly cor* 
reoted by Bessel, by considering the loss of weight in air due to the 
motion of the pendulum, giving the quantity g = 9*8096 metres. 
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Seconds pendulum. — On the other hand, *rhen we know thf 
accelerating force of gravity, g, at any given place, it is easy to calcu- 
late the length of the simple pendulum vibrating seconds, assuming the 
oscillations to be infinitely small. Thus in the formula for the pendu- 
lum (81), making T— 1\ and using for g the value determined for 
the place, wo have 1 = at Paris 0*993806 metre = 39 127 inches, and 
corrections being made for the interference of the air, this quantity, as 
determined by Bessel, is 0*993781 metre =39*12307 inches. 

II. MODIFICATIONS OF TERRESTRIAL GRAVITY AND THEIR CAUSES. 

90. The intensity of gravity varies with the latitude. — Very 

numerous observations made with the pendulum, on different parts of 
the earth's surface, have shown that the force of gravity is by no means 
the same at all places, and particularly that it increases in going from 
the equator toward either pole. This result is observed in the increas- 
ing length of the pendulum vibrating seconds, since by J 88, g is pro- 
portional to l , the pendulum must be longer, as the force of gravity is 
greater, to preserve the same time in oscillation. The valuo of g for 
any latitude is obtained with approximate accuracy by the formula 
0 = 32*17070 (1 — 0*00259, cos. 2>l), in which X is the latitude of the 
place, and 32.17070 feet the value of g at latitude 45°. By substituting 
for X , successively 0° and 90°, we obtain at the equator 0 = 32*0874377 
feet, and at the poles g = 32*254083 feet. 


The following table of the variation in tho length of the seconds pendulum, with 
the latitude, is condensed from a large list in Saigey. (Physique du Globe, 
p. 132, t. 2.) 


• 

Places observed. 

Latitudes. 

Length of seconds 
pendulum in Ameri- 
can inches.* 

Names of observers. 

Spitsbergen, .... 

79° 49' 58" N. 

39*2101492 

Sabine. 

Greenland, .... 

74° 32' 19" “ 

39*204339 

“ 

St. Petersburg, . . . 

59° 50' 31" “ 

39*1704818 

Lutk6. 

Paris, 

48° 50' 14" “ 

39*1299322 

Riot. 

Now York, .... 

40° 42' 43" “ 

39 1023743 

Sabine. 

Jamaica, W. I., . . . 

17° 50' 07" “ 

39 0302352 

u 

St. Thomas, W. I., . . 

0° 24' 41" “ 

39 0210088 

u 

Maranham, .... 

2° 31' 35" S. 

39*0126141 

Foster. 

Rio Janeiro, .... 

22° 55' 22" “ 

39*0452899 

Basil Hall. 

Capo of Good Hope, 

33° 55' 50" “ 

39*0795405 

Fallows. 

Cape Horn, .... 

55° 51' 20" “ 

39*1567028 

Foster. 

N. Shetland, .... 

62° 50' 11" “ 

39*1807176 



• In reducing Saigey’s tablo of lengths of the seconds pendulum at different 
localities, to American inches, the French metre has been taken at 39*36850536 
inches, as adopted by the United States Coast Survey. 

a* 
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Numerous observations on the U. S. Coast Survey, and else* here, 
show that the value of g is by no means ^ rigorously the same t*t all 
poir.ts on the same parallel ; a discrepancy to be explained only by 
supposing an inherent difference in the constitution of the earth's crust 
at different places. 

The variation of gravity with change of latitude is due to two causes. 
1st. To the flattening of the earth at its poles. 2d. To the centrifugal 
force created by the revolution of the earth upon its axis. The last 
cause also, beyrnd doubt, induced the flattening of the poles in the 
earlier history of our planet. 

91. Influence of the earth's figure upon gravity. — Until 1666 
the perfect sphericity of the earth had not been questioned, although in 
the preceding century the flattening of the planet Jupiter at the poles 
had been observed. Subsequently (in 1672), Richer, sent by the 
Academy of Paris to Cayenne, remarked that his pendulum no longer 
beat seconds at the latter place, until it was shortened a line and a quar- 
ter from its length at Paris. This observation at once indicated a less 
force of gravity at Cayenne than at Paris, and suggested doubts respect- 
ing the sphericity of the earth, lluyghens attributed this diminution 
of the force of gravity to centrifugal force, and conceived that the earth 
must be bulged Out at the equator. 

Huyghens and Newton, assuming that the earth had become solid 
from an originally fluid mass, whose particles attracted each other, 
subject to the laws of hydrostatics and of the centrifugal force, arrived 
at the conclusion, from mathematical calculation, that the earth’s figure 
was that of an oblate spheroid, whose polar diameter was about 26 
miles less than its equatorial. Laplace « 47 

reached almost the same conclusion, by 
calculating the effect of the equatorial 
mass on the motions of the mooi- The 
effect of tho centrifugal force upon a 
yielding mass, may bo shown by the ap- 
paratus, fig. 47. Two circles of wire, or 
flexible metallic ribbons, are attached 
below to an axis, and above to a sliding 
ring, and being rapidly rotated by the 
whirling table, the circles flatten in the 
direction of the axis, and bulge at the 
equator, as shown by the dotted lines. 

But it was only by the actual measurement of an arc of meridian 
that the exact figure of the earth became known. This important geo- 
desic operation was undertaken, by La Condamine and others, in 1736 
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in Fern, bj order of the French government, and was lees acou lately 
performed by Picard in France, in 1669. This operation led to the 
conclusion* (since demonstrated by numerous similar measurements), 
that the successive arcs on the same meridian, comprised between two 
verticals forming an angle of 1°, become larger and larger as we ad- 
vance toward the poles. Consequently, the equatorial radius is greater 
than the polar, and the plumb line will point to the centre of the earth 
only in one of those radii. 

The astronomers Mason and Dixon, who, in 1764-6, established the 
boundaries between Pennsylvania, Delaware, and Maryland, afterward^ 
in 1768, re-measured a line of 538,067 feet, with great accuracy, very near 
the meridian, for the purpose of determining the value of an arc. Ft. jr- 
fifths of this (434,01 l^Vff) was one unbroken line, without triangulation, 
on a vast level plain. They used rods of tir, frequently compared with a 
standard brass measure at a fixed temperature. They found the length 
of a degree of latitude to he 363,763 English feet. (Phil. Trans. 1768 ) 

The general results may be illustrated by the following diagram. 

Let the line A P, fig. 48, represent a quad- 
rant of a meridian, of which 0 P is the polar, 
and 0 A the equatorial radius. Let ns take 
stations on this meridian, one dogreo distant 
from each other, commencing from the equa- 
tor, and from each station prolong the direc- 
tion of the plumb lino until it intersects the 
plumb line similarly produced from the pre- 
vious station ; ah r are three such points, and 
it is plain that the intersections of the plumb 
lines from each of the ninety verticals on the 
quadrant, would together evolve the curve 
a b cp f and the same if the stations were in- 
finite. Objects on different parts of the earth's 
surface are not. attracted to a common centre 
of gravity. The centre of gravity for uny 
point, A, H, 0, P, (m the quadrant, A P, must lie in the corresponding points, 
a, by t, p, where the respective normals cut tho evolute up. At A, for example, 
the attraction of gravity acts as if if originated at a , for B at b, for C at c, Ac. 
But the intensity of gravity is greater at. B than at A, at 0 than at B, and so on 

The revolution of the evolute « 7 ) on its axis Op will evidently generate a 
surface (called a Iochh), in which will bo found the centres of gravity for all 
points on the upper hemisphere, and a similar surfaco may be produced for all 
points on the lower hemisphere by the revolution of the curve ap 

Evidently, therefore, a body placed at the equator will be very differ- 
ently affected by the force of gravity, from what it would it* placed at 
the poles. The amount of flattening at tho poles is about 3 ^ of the 
equatorial radius, or, accurately, ; that is, the polar radius is so 

much shorter fc han the equatorial — exactly 21*319 kilometres, equal 
13*246483 miles; or iu the diameter nearly 26} miles (26*492966). Is 


48 
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An ex&ot model of the earth 15 inches diameter, it would be reprs* 
sen ted by ^ of an inch ; a quantity tjo small to be detected by the eye 
or hand. 

92. Exact dimensions of the earth. — According to the latest cal« 
eolations the exact dimensions of the earth, as given by Kohler, when 
reduced to American standard measures, are as follows: 

Volume of the earth, 259, 75G, 014, 9 17 cubic miles. 

Surface of the earth, 196,881,077 square miles. 

Length of a quadrant, 6213 99609 miles. 

* Mean radius (lat. 45°), 3955*94978 

Equatorial radius, 3962*57302 “ 

Polar radius, 3949*32654 ** 

Difference between the last two dimensions 13*24648 miles. 
The equatorial swelling, or that portion of the earth which lies outside of 
a perfect sphere, whose circumference is described by the polar radius, 
is part of the whole volume of the earth. Two verticals include an 
angle of l" when they are 10T7 feet distant from each other, and they 
will inclose a sector of V when they are distant from each other 1*15 
miles. 

93. Sensible weight varies in different localities. — The same 
body is sonsibly lighter at the equator than at the poles of the earth, in the 
ratio of 191 to 195. This difference cannot be detected by the balance, because 
the thing weighed is counterpoised by an equal 
standard weight, under tho same circumstances ; 
and if both are removed to another station, thoir 
weight, if changed, will be changed equally, and a 
body and its counterpoise once adjusted, will con- 
tinue to balanco each other wherever they are car- 
ried. It is not in this sense that 194 lbs. at the 
equator will weigh 195 lbs. at the poles; but if we 
conceive a body, y, suspended by a cord, imagined ^ 
without weight, pa suing over a pulley at the equator, 
a 8 in tho annexed figure, 49, and connected by 
other pulleys, all without friction, with x, another 
equal weight, at the poles; then, although the 
weights would counterpoise each other in a balance, they would not ia this 
situation, but the polar weight would preponderate, and y would require to be 
increased. by ^ ^ th part, to restoro tho equilibrium. 

Tho above phenomena are readily demonstrated by the spring- balance, cl 
dynamomoter (37.) 

94. Effect of the earth’s rotation on gravity. — Nowton and 
others have determined, by calculation, that the inorease of weight, 
due to the spheroidal form of the earth, is when a body is trans- 
ported from the equator to the poles ; yet the difference of weight is 
fi und experimentally to ameunt to the much more considerable quan 
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•It y of f || part of the total weight of the body. This large difference 
Uaocc anted foe by the centrifugal force, which is nothing at the poles, 
and regularly increases towards the equator, where it is greatest, and 
in the same ratio diminishes the weight of bodies on the earth’s sur- 
face. The earth revolves once in 24 hours, but if it revolved seventeen 
limes more rapidly than it now does, or in lh. 24in. 25s., the centrifugal 
force would balance the force of gravity, aud bodies at the equator would 
have no sensible weight If the velocity of revolution was furthor 
increased the oceans would bo thrown off like water from a grindstone, 
and all loose materials would fall into space. 


Demonstration. — By the laws of centrifugal force it follows that the ob- 
served weight of any substance on the earth’s surface is the difference between the 
earth’s attraction and the centrifugal force developed by the revolution of the 

4nJ£ 


earth. By \ 54 the centrifugal force at the equator : 


- j li being the 


equatorial radius, and fa diurnal revolution. If Q represent the attraction of 

4nV£ 

the earth, and g the weight of a body at the equator, then ( 1 ) g - 0 . 

Let m, ftg. 50, be a material particle taken on any parallel, and represent A w, 
the radius of this parallel, by r, the ceutrifugal 50 

4n~r 

force at this poiut, mf rz=z c = -y^-. But as this 

force does not act in the direction of gravity, de- 
compose it into two others, ono of which, m h, 
being at right angles to gravity, has no effect j 
upon it, and tho other m a acting directly against 
gravity. Let m 0 E, the latitude of tho place, 
which is equal to a m f> be designated by L, then in 
the right-angled triangle a m /, m a is equal to 
mf X cosine of a mf = c cos. L. In the triangle 
A ni 0, A m = r = li cos. L. It follows that tho vertical component m o = 
4 nVt 

- cos. 2 L. The force of gravity at m is then, 



(2 )g=0 — co«. ! L. 

The diminution of gravity duo to tho centrifugal for*e is therefore propor- 
tional to the squaro of tho cosine of the latitude. At the pole, where L =: 90°, 
9 = G. At the equator L = 0, and g is found by the formula. In tho fust 
formula (3) the value of the second term of tho equation being very small in 

/ 4 it*R\ 

relation to the first, gives very nearly g -= Q l 1 J, by placing u as a 

common factor, and replacing it in the denominator of the second term by g. 

Taking for the moan radius of the earth R = 20,887,413 feet, and g — 32*1798 
feet, and T = 86,164 seconds (the time of a revolution of the earth on its axis), 

we find for the value of very nearly — - == . If, tb ore fore, the earth 

gT 1 281 17 a 
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revolved 17 fcimea faster than it does at present, making T seventeen time# 
smalleiy the second term in the parenthesis would become unity, and the value 
of g would be zero, or bodies at the equator would have no weight. The expres- 
sion (1) enables us to calculate the attractive force at the equator, assuming M 
a starting point the value g = 32*09025 feet as the value of gravity as indicated 
by the pendulum. We then find the attractive force at the equator 0 = 32*20147 
feet, and the centrifugal force at the equator = 0*111216 feet. • 

95. Variation of gravity above the earth and below its .sur- 
face. — By the law of gravitation it follows that as we rise above the 
earth the force of gravity must diminish. This diminution is sufficient 
to he appreciable at any considerable distance above the level of the 
sea; therefore, to compare the results of experiments relating to the 
force of gravity at different situations on the earth's surface, it is neces- 
sary to reduce all observations to a common standard — the sea level. 

Representing by g ' the intensity of gravity at any elevation h , and 
the earth's radius by R, neglecting the variation of the centrifugal 
force, we have 


gi g' = (R + hf : R 2 ; hence g — . Ri - 

The mean distance of the moon from the earth's centre is about 
sixty times the equatorial radius of the earth, and it completes its orbit 
(assumed to he circular) in 27*322 days. As, therefore, the intensity 
of the earth's attraction at the moon equals the centrifugal force (as is 
evident from physical astronomy), this force can be calculated by sub- 
stituting for R sixty times the earth's radius, in the formula for centri- 
fugal 'bree. Substituting for T the time of a lunar revolution expressed 


in 


seconds, we find for the earth's attraction on the moon g = 


4* 2 X 60U 
T l 


= 0.00079 feet, which is about 3000 times less than the attraction of 
the earth for bodies on its surface at tlie equator (assuming for bodies 
as distant as the moon that the traction of the earth is concentrated 
at its centre). This agrees with the law of gravitation, the square of 
60 being 3000. 

Below the earth’s surface, assuming the earth to be a sphere, the 
force of gravity is proportional to the distance of the particle from its 
centre. It is plain that the force of attraction at any point beneath 
the surface is diminished by whatever part of the earth is above the 
particle, and the resultant force is the difference between the two com 
ponents. Could a body be placed in empty space at the centre of the 
earth, it would be sustained there without any material support by the 
equal and opposite attractions. It can also be demonstrated matho* 
matically that, if the earth were a hollow sphere of uniform density, 
a material particle would remain at rest at any p)int within it. 1 
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ioIIowb from this that : — The attraction of the earth, fir a particle if 
matter below its surf ace, is directly proportional to its distance from the 
centre of the ea1h> 

i 4. Mass and Weight 


96. Maas. — The mass of a body is the quantity of matter which it 
contains ; and since the absolute weight of a mass of matter is the sum 
of the attraction of gravitation upon all its molecules, it follows that, in 
the same place, the masses of bodies are to each other as their weights. 
Calling the mass M and the weight W, and the force of gravity g , for 
any given body, then W=Mg. We have already seen (41) that the 
masses of bodies may be compared by the forces required to impart to 
them equal velocities. Since gravity acts equally on matter of what- 
ever description, this comparison may also be made by comparing their 
weights when otherwise under the same conditions. 

97. Weight. — The term weight as used above, and always in scien- 
tific language, means the pressure exerted by a given mass, due to the 
force of gravity. This varies, as wo have seen, with the force of gravity, 
and is not the same for the same mass at all parts of the earth’s sur- 
face (93). The weight of any given kind of matter varies also with its 
mass. A mass of two, three, or ten times a given unit weighs two, 
three, or ten times as much as that unit at the same pluce, and hence 
we are very prone to confound the weight of a substance with its mass. 
On the surface of the earth this confusion of terms can lead, as we have 
seen (93), to an error of only about one two-hundredth part of the 
whole (yjj)* That is, a mass of iron weighing 1000 lbs. on the equator 
would weigh 1005 lbs. at the pole. Such a mass of iron would weigh 
only 500 lbs. at a distance of 2000 miles below the surface of the earth, 
or 1650 miles above the earth, and only 1G0 lbs. on the moon, while it 
would weigh about 2600 lbs. on the planet Jupiter, and 28,000 lbs. if 
placed on the sun. 

98. Density. — The density of a body is the mass comprised under a 
unit of volume, or M— VXD, where the mass, M, of a body is equal 
to its volume, V, multiplied by its density, D; 


transferring, we have 


r= 


M 
D * 


This may be otherwise stated, thus — 1st, the mass is proportional to 
the volume ; 2d, for an equal volume the mass is proportional to the 
density ; and, 3d, the density of the same mass is inversely proportional 
to the volume it occupies. 

99. Specific weight is the weight contained in a unit of volume; this 
ia also often called specific gravity. Representing specific weight by w, 
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and absolute weight by W ] we have W= PX w, hence, 1st, the weight 
is proportional to the volume ; 2d, for an equal volume the absolute 
weight is proportional to the specific weight; and, 3d, for equal abso 
lute weights the specific weight is inversely as the volume. 

By the first formula we have w = Dg , whence w is the weight of the 
unit of volume, and D its mass. Replacing w by this value in the last 
formula, it becomes W = FX D X Q- 
Specific weight differs therefore from density exactly as weight 
differs from mass. Both weight and gravity vary with the latitude, 
and the unit accepted as a standard varies also, but when the same 
standards are employed, the numbers expressing the weights remain 
unchanged, and no sensible error results. The terms density and 
specific gravity have thus been used interchangeably for each other, 
although, speaking strictly, involving different quantities. The balance 
is the common instrument used to determine weights. It will be 
described under the lever, of which it is one form. 

100. French system of weights. — As in measures (16), so in 
weights it is indispensable to assume some arbitrary standard unit. 
The French have assumed as their unit of weight, the pressure exerted 
by one cubic centimetre of pure water at its maximum density (39°.2 
Fahrenheit), in a vacuum, and at the latitude of Paris. This unit is 
called a gramme , and it weighs (nearly) 15*433 grains English. The 
gramme is multiplied and divided decimally, and these multiples and 
subdivisions are named on the same plan with the parts of a metre: 
Thus we have, 

1 Kilogramme = 1000 grammes, 1 Gramme =1*000 gramme, 

1 Hectogramme = 100 “ 1 Decigramme =0*100 u 

1 Decagramme = 10 “ 1 Centigramme = 0*010 “ 

1 Gramme = 1 ** 1 Milligramme = 0*001 u 

The kilogramme is the commercial unit of weight, and is rather less 
than 2$ lbs. avoirdupois, being 15,432*42 English grains. 

The French unit is of course a gramme only at Paris, and at higher 
or lower latitudes weighs (according to the principles before explained) 
more or less than a gramme. But this leads to no practical inconve* 
nience, so long as a set of exact measurements made in one latitude are 
not brought into rigorous compaijjson with those made by the same 
standard in another latitude. The general acceptance of the French 
system among scientific men, and its special fitness for scientific 
research, owing to the very simple relation which exists between it and 
the system of measures already described, would seem to render the 
universal adoption of a decimal system of weights and measures for 
the United States one of the great desiderata still to be accomplished 
for our common country. 
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101. English and American system of weights.— fn England, 

as in the United States, two distinct units of weight are in common use, 
leading to constant confusion, both of terniR and quantities. These 
units, the Troy pound and the Avoirdupois pound , are entirely arbitrary. 
They are represented by certain masses of brass, declared by law to be 
the legal standards of the above names. These pounds are related to 
each other in the ratio of 144 to 175, and, excepting the grains, 
none of their subdivisions are alike. The troy pound contains 57G0 
grains divided among 12 ounces, and the avoirdupois pound contains 
7000 grains divided among 10 ounces. The legal standard of weight 
in the United States is the troy pound, copied by Capt. Rater in 1827 
ftrom the English Imperial Troy pound, for the U. S. Mint at Philndcl- 
phia, where it now is. The avoirdupois pound is, however, the unit 
of weight in actual use in most commercial transactions. Rater's copy 
of the troy pound is a standard at 62° of Fahrenheit’s thermometer and 
30 inches of the barometer. A cubic inch of distilled water weighs in 
the air at G2° Fahrenheit and 30 inches barometric pressure 252*450 
grains. 

The English standard of weight is connected with that, of measure by 
the parliamentary enactment, that 277*274 cubic inches shall constitute 
the Imperial gallon of 70,000 grains, or ten pounds of pure water at 
62° F. and 30 inches barometric pressure. 

The American standard gallon contains at 39 n «S3 F. (the maximum 
density of water adopted by llassler) 58,372 grains of pure water at 30 
inches barometric pressure. Tables for the comparison and reduction 
of the French, English, and American units will be found. at the end 
of this volume. 

102. Estimation of the density of the earth by experiment. — 

In the vicinity of a mountain a plumb-line is not truly perpendicular, 
but is drawn to one side by the lateral attraction of the mountain. The 
amount of this deviation is measured by observations on the zenith dis- 
tances of a star, at two stations on opposite sides of the mountain, and 
on the same meridian. This deviation was first noticed near Mount 
Chimborazo in 1738, by the French Academicians engaged in measuring 
a meridian arc in Peru, where the deviation was 7 //, 5. In 1774, Mas- 
kelyne found a deviation of 5 //m S'S, caused by the lateral attraction of 
Schehallicn, an isolated mountain in Scotland. Ilutton Rpent* three 
years in ascertaining the mean attraction of one thousand stations on 
this mountain ; a labor rewarded by tbo ltoyal Society of London. 
Estimating the mean density of the rocks of Schehallien at 2*5 to 3 2. 
as determined by Playfair, the mean density of the earth was deter- 
mined to be over five times the density of w*ater. The accurate inver 
9 
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tigation of this problem was one of the highest importance in astronuny, 
since it furnished the means of determining the mean density of the 
earth, by comparing its attraction with the attraction of a part of its 
mass, whose densit} r could be ascertained by direct experiment. 

This problem is solved with much greater precision, by the famous 
experiment of Cavendish, in which the earth’s attraction is compared 
with that of a mass of lead. 

Cavendish’s determinations of the density of the earth were made, in 1798, 
by means of an apparatus suggested by the Rev. John Michell. 

u Michell’s apparatus was a delicate torsion balance, consisting of a light 
wooden arm, suspended in a horizontal position, by a slender wire GO inches 
long, and having a leaden ball, about 2 inches in diameter, hung at either cx- 
tremity. Two heavy spherical masses of metal were then brought near to the 
balls, so that their attractions conspired in drawing tbe arm aside. The devia- 
tion of the arm was observed ; and the force necessary to produce n given devi- 
ation of the arm, being calculated from its time of vibration, it was found what 
portion of the weight of either ball was equal to the attraction of the mass of 
metal placed near it. From the known weight of the mass of metal, the dis- 
tance of the centres of the mass, and of the ball, aud the ascertained attraction, 
It is cusy to determine the attraction of an equal spherical mass of water, upon 
a particle as heavy as the hall placed on its surface. Now the attraction of this 
sphere will have to that of the earth the same ratio as their densities ; and as 
tho attraction of the earth is equal to the weight of t lie bull, it follows, that as 
the calculated attraction is to the weight of the ball, so is the density of water 
to tho earth’s density, which is thus determined." ( Wilton* * Life of Cavendith.) 

A comparison of about two thousand experiments with an improved 
form of this delicate apparatus, conducted by Mr. Francis Bailey, in 
1842, determined the mean density of the earth to be 5*GG04 times that 
of water. It is worthy of remark that Newton, whose guesses were 
often worth more than the researches of less sagacious men, had con- 
jectured the earth’s density to be between 5 and 6 times the density 

f water. 

The calculation is conducted thus. Let L he half the length of the horizontal 
jm of wood. Q the attraction of the masses of lead, and t the time of an 
vacillation — neglecting the effect of torsion — Then, according to the theory of 
' he pendulum (81), 

. * /7 


Take I for the length of a simple pendulum oscillating in the same time ( t ) by 
gravity, and we have 

* — • , or L : 0 - l : g t and l : L — g: O, 

9 

Sailing the attraction of the unit of mass upon the unit of mass at the unit of 
distance a; tho mass of each sphero of lead w; d the distance fr>m the centre 
df this sphere to that of the attracted sphere when in the position cf equilibrium ; 
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and, lastly, M the mass and It the mean radius of the earth, and wo buv«t 
according to the laws of attraction, 

am a M 

Bj substituting these values of (i and <j in the last proportion, it becomes 
l : L = d*M : JPm, or 
M : m ™ IIP : U\ 

which fixes the ratio between the inass of the earth ( M ) and that cf one of the 
masses of lead («»), as given l»y the balance. The volume of the earth being 
represented by V, and its mean density by />, wo have by (98) M — V X Dt 
from which, M and V being known, I) is deduced. 

The inference, unavoidable, from these facts is, that the interior 
parts of the earth must he much more dense than the superficial crust. 
Granite and other rocks on the earth’s surface have an average density 
of about 2 5. This remarkable fact may bo explained, partly by 
remembering that the interior parts of the earth sustain the enormous 
pressure of the surface portions, and partly by the hypothesis of primi- 
tive fluidity, which authorizes the belief that the more dense portions 
of the planet would seek the lowest place, and the lighter parts the 
surface. 

| 5. Motion of Projectiles. 

103. Projectiles are bodies thrown into the air by some momentary 
force. . They are therefore subject to two forces, one the projectile 
force, which is momentary, the other the constant force of gravity. 

When a body is projected vertically upward, it rises with a uniformly 
retarded motion, the action of gravity diminishing the velocity of ascent, 
at every instant, until the projectile force is expended, when the body 
commences to descend, and passing every point in its downward path 
at the same rate as in its upward flight, it acquires at the end of its 
fall a velocity equal to that with which it was projected. 

In the same manner when a body is projected vertically downwards 
its path is the same os that of a body falling freely, hut the space 
traversed, and also the velocity, are resultants of the sum of the two 
forces. These are simple cases under the laws of uniformly accelerated 
or retarded motion already considered (32). 

If the direction of the projectile is not perpendicular, then the path 
of the projectile must be a curve (51). 

Thus, if a cannon-ball is shot in the direction a h (fig. 51), with a velocity 
which would carry it through the space a I in one second, then, by the laws of 
inertia, it would continue in this line, passing through equal efaecs in equal 
times. If it was acted upon by gravity alono, it would move in tho vertical 
i«, through the "paces I' II' III', iu corresponding seconds. But, while it is 
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projected in the direction a b, it is subject also to the action of gravity, a ad, 
like any other body, must fall through the 
vortical space of IG-l^ f e °t during the 1st 
second; at the end of that time, therefore, it 
will bo found at e, instead of at I. In the 
Bame manner, at the end of the 2d and 3d 
seconds, it will be at f and g, instead of II 
and III; and at tho end of four seconds the 
body will arrive at h, the result by the paral- 
lelogram of forces being exactly the same as 
If L had been first carried by the projectile 
force in the line a b during four seconds, and 
then allowed to fall during four seconds by 
the action of gravity over b h == a c. Since 
tho action of tho projectile force is only mo- 
mentary, while the effect of gravity is con- 
stantly increasing, tho body will not describe 
tho diagonals of tho parallelograms, a <?, of, 

4c., but a curve, which in mathematics is 
Onllod a parabola, indicated by the dotted 
tine connecting a c f g and h. 

By a similar construction, we find the path 
of a body projected horizontally, or obliquely downwards, in which cases the 
projectile will describe one-half of a parabola. In every case the path of the 
projectile is a complete or partial parabola, whoso axis is In the direction of 
gravity ; and its vertical distance below the line of projection at any given 
moment, is always equal to the space it would have fallen freely during the time 
siuce it was projected. 

By the principle of parallelogram of velocities, it is evident that in the tiino 
the body would describe the curve a efgh, it would, without the action of 
gravity, describe the line a l = rt., v being the velocity of projection, and t the 
time of flight. Let a be the angle of elevation b a h, v f the vertical velocity, 
and v" the horizontal velocity, then v* — v sin. o, and v" = v cos. a. The ver- 
tical velocity would evidently bo spent in one-half the timo of flight, and an 
equal descending velocity would be acquired at the time of striking the point h, 

2c sin. a 

hence, v f = v sin. a = %gt, and t = = tho time of flight. The hori- 

9 

sontal range will equal the horizontal velocity v " multiplied by the time of 
2c sin. a 2c 2 sin. a cos. a sin. 2a 

flight S= V cos. a x 

9 9 

This value of the horizontal range 
ah is evidently the greatest for any 
value of t>, when sin. 2a — 1, or a — 

45 ' ; and, for elevations equally above 
and below 45°, the horizontal range 
will be equally diminished ; that is, 
tho horizontal range will be the same 
for an elevation of 40° as for 50°, and 
the same for an elevation of 30° as for 
60°. Fig. 52 shows the form of the curves described by projectiles at 


9 
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angular elevations of 0°, 15°, 45°, 60°, and 90° (AB, AC, AD, A E. 
AF). The dotted lines show the angles of projection, and the smooth 
lines, with corresponding letters, show the paths described by the 
projectiles. The effect upon the flight of projectiles produced by 
resistance of the air, will be considered hereafter. 


104. The ballistic pendulum is 
sure the velocity of projectiles. A 
heavy mass of wood and iron, shown 
at 6, fig. 53, is suspended at C, on a 
shaft three or four yards in length 
over a graduated arc BED. The 
ball, fired in the direction N N, 
strikes the ballistic pendulum at A, 
and, penetrating the heavy mass, 
imparts to it a velocity which is 
determined by comparison of the 
arc E D described by the pendu- 
lum, and the time in which the 
whole mass is found to vibrate. S 
is supposed to be the centre of 
gravity, M the centre of oscillation, 

C G the arm of impact, and M II the 
perpendicular height through which 
data the velocity of the ball at the me 


instrument employed to me** 
53 



the pendulum rises. From these 
ment of impact can be calculated 


Problems. — Palling Bodies. 

17. If a stone is dropped into a well, and it is seen to strike the water at the 
end of 3 seconds, what is the depth of the well ? 

18. A body is projected upward with a velocity which will carry it to the 
height of 84 feet 4 inches ; after how long a time will it be descending with 
half the original velocity ? 

19. Find the velocity with which a body must bo projected upwards from the 
foot of a tower, so as to meet half way another body lot fall at tho same time 
from tho top of the tower. 

20. A balloon is ascending vertically with a given velocity, and a body is let 
fall from it, which reaches the ground in t seconds : find the height of the balloon 
at the moment of the body leaving it. 

21. A body is observed to fall the last a feet of its descent from rest in t 
seconds : find the height from which it fell. 

22. A body has fallen through the distance of half a milo j what was the 
distance described in the last socond ? 

23. A body is projected upwards with a velc city of 64$ feet in a second ; how 
far will it ascend before it begins to return ? 
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24, A stone dropped from a bridge strikes the water in 2\ seconds ; wnat ia 

the height of the bridge? Also if the stone bo projected downwards with a 

velocity of 3 feet per second, in what time will it strike the water? . • 

25. A stone thrown horizontally from the summit of a high cliff is seen to 
strike the ground at the end of 5 seconds ; what is tho height of the cliff above 
the point whore the stone falls ? 

26. A body is projected vertically upwards, and the time between its leaving a 
given point and returning to it again is given; find the velocity of projection 
and the whole time of motion. 

27. From what elevation mujjt a body weighing 500 pounds fall, to strik 
with the same momentum as a body weighing 900 pounds falling from an elevi 
lion of 64$ loot ? 

Descent of Bodies on Inclined Planes.* 

28. What time will be required for a body to descend an inclined plane whom 
length is 200 feet, and whose elevation is 64$ feet. 

29. What velocity will be acquired by a body descending a plane inclined at 
an angle of 30°, the perpendicular height being 1451 feet? 

30. If a railway train, with a speed of 30 miles per hour, arrives at a 
descending grade of 60 feet to the mile, and has no force applied to check its 
•peed, what will be its velocity after running 3 miles on the grade? 

31. If a train, moving at the rate of 25 miles an hour, arrives at a grade of 
60 feet per mile, 2 miles in length, and no more steam is applied than before 
arriving at the grade, what will be the velocity of the train after ascending the 
grade ? 

Central Forces. 

32. Find the foreo with which a body weighing 8 lbs. would stretch a string, 

3 feet long, retaining it in a circle, when the body makes 3 revolutions per 
second. 

33. What must bo tho weight of a body revolving 7 times per second in a 
cirelo 10 feet in diameter, in order that the centrifugal force of the revolving 
body may be equivalent to a weight of 1000 lbs. ? 

34. IIow many times must tho revolution of tho earth be increased to have 
the weight of bodies at the equator diminished one-half, calling the radius of 
the earth 4000 miles? 

35. What must be the number of revolutions per second of a body weighing 
17 lbs., revolving in a circle whose radius is 5 feet, that its centrifugal force may 
be the same as that of a body weighing 25 lbs., revolving 9 times per second in 
a circle whoso radius is 3 feet? 

Pendulum and Gravity. 

30. What is the time of vibration at Paris of a simple pendulum whose length 
la 3 metros ? 

37. What is the force of gravity in a deep mine where the length of tb 
■eeonds pendulum is found to be 38 inches ? 

38. What is the timo of vibration of a simple pendulum 30 inches in length, 
where the accelerating force of gravity is 32 feet per second ? 

39. What is the time of vibration of a simple pendulum at Paris, the length 
of tho pendulum being one metre, and the amplitude of vibration being a = 9° I 


* In these problems the retarding force of friction is not to be considered. 
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40. What is the accelerating force of gravity at New York ? at Bqston ? at 
New Orleans? at Capo Horn? at Stockholm ? 

41. If the forco of gravity at tho earth’s surface bo regarded as unity, what 
will be tho force of gravity at a distanco below tho surface equal to one- tenth 
part of the earth’s radius ? 

Flight of Projectiles.* 

42. What distanco will a ball be thrown on a horizontal plane, if it is fired 
from a cannon with a velocity 700 foot per second at an angular olovation of 33° ? 

43. What is tho greatest distance to which a ball can bo thrown on a hori- 
fontal plane, if it leaves tho mouth of tho cannon with a velocity of 1000 feet 
oer second ? 

44. If a ball leaves the cannon at an elevation of 30°, with a velocity of 800 
feet por second, in what time will it strike tho horizontal plane ? 

45. At what angle of elevation must a hall bo fired that, with an initial velo- 
city of 600 feet per second, it may strike a horizontal piano at a distanco of two 
miles ? 

46. If a ball discharged from tho mouth of a cannon, at an elevation of 35°, 
strikes the horizontal plane at a distance of three miles, what was its original 
velocity ? 


CHAPTER IV. 


THEORY OF MACHINERY. 


\ 1. Machines. 


105. Principle of virtual velocities. — It was shown in \ 46, that 
when a body, having a fixed 54 

point of support, is acted on by d ^ 

two parallel forces in the same / \ 

direction, tho forces will be in " I* 

equilibrium, if they are to each 
other iuversel^as their distances 
from the supporting point. Thus in fig. 54, if an inflexible rod, sup- 
ported at C, is acted on by two forces, W and P, such that 
W : P = C P : C W, 


then they will be in equilibrium. But as in every proportion the pro- 
duct of the first and last terms is equal to the product of the second 
and third ; so instead of saying that the forces are inversely as their 
distances, the same thing is expressed byW X CW - P , x CP. The 


* In these problems no account is supposed to be taken of the resistance of 
the air. 
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principle may be otherwise illustrated thus : — Let the bar W P be made 
to oscillate gently about the point of support C. It is plain that the 
spaces described by the ends of the bar will be proportional to their 
distances from the axis ; for the angles at the axis being equal, the 
arcs a f and b h are directly proportional to their Tadii C W and C P. 
Hence 

W: V = b7i: af; 

That is, two forces are in equilibrium when they ire to each other 
inversely as the spaces which they describe. The arcs being described 
in the same time, represent the velocities, and the principle is usually 
thus stated : forces in equilibrium must be to each other inversely as their 
velocities. The products, therefore, of the forces multiplied by their 
respective velocities, are equal : 

These products are called the moments of the forces, and when these 
momenta are equal the forces are in equilibrium. If the movement is 
doubled, halved, or raised in any proportion, the efficacy of the force is 
similarly varied. Any arrangement by which two forces are brought 
into this relation to each other, constitutes a machine. 

106. Machine, Power, Weight. — In extension of the statement 
last made, a machine is any arrangement of parts in an apparatus, by 
whieh force may be transmitted from one point to another, usually with 
some modification of its intensity or direction, and with reference to the 
performance of mechanical work. 

The moving force in a machine is called the power; the place where 
it is applied is the point of application; and the line in which this point 
tends to move is the direction of the poiccr. The resistance to be over- 
come is called the weight , and the part of the machine immediately 
applied to the resistance is the working point. 

The moving powers and the resistances in mechanics are both 
extremely various ; but of whatever kind they ma^ be, they can 
always be expressed by equivalent weights, i. e., such as being applied 
to the machine would produce the same effects. 

107. Equilibrium of machines. — When the power and weight are 
equal, the machine is in equilibrium, and it may be at rest, or, as is 
usually the case, in a state of uniform motion. If a machine in this 
case is put into uniform motion, it must, by force of inertia, continue 
to move indefinitely ; for the power and weight being equal, neither of 
these forces can stop or modify the motion, without some extraneous 
force, which is contrary to the supposition. 

Thug, if an engine draws a railway train with uniform velocity, the power 
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of the engine is in equilibrium with the resistance of the train. At starting 
the power is greater than the resistance, and the motion of the train is couse 
quontly accelerated, until the resistance becomes equal to the power, when 
equilibrium is again established. If any part of the power is now withdrawn, 
the power becomes less than the resistance, and the motion is consequently 
retarded until the train is brought to rest. 

The mechanical energy, or moving force of the power, is found by 
multiplying its equivalent weight by the space through which it moves, 
or its velocity ; and the value of the resistance is estimated in the sum* 
manner. As we have just seen, the relation between these moment* 
determines the state of the machine. 

108. Utility of machines. — It is sometimes said, in illustration of 
the usefulness of machines, that a great weight may be supported or 
raised by an insignificant power; but such statements, if literally 
understood, are obviously untrue. No machine, however ingenious its 
construction, can create any force, and therefore the working point can 
exert no more force than is transmitted to it from the source of power. 
Every machine has certain fixed points, which arc arranged to support 
any required part of the weight, while the remainder of the weight, 
and that part only, is directly sustained by the power. This remainder 
cannot be greater than the power. 

109. Relation of power to weight. — But if the weight is not only 
supported, but raised through a given space, then the power must move 
through a space as much greater than the weight moves through, as the 
weight itself is greater than the power; in other words, the power and 
weight must be inversely as their velocities. This inverse proportion 
is expressed when it is said, that power is always gained at the expense 
of time. 

To raise 1000 lbs. to a height of one foot by a single effort, would roquiro a 
force equivalent to 1000 lbs. ; but the same thing may be accomplished by a 
power of 1 lb. acting for 1000 times successively, through a space of ono loot. 
If a man by exerting his entire strength could lift 200 lbs. to a certain height, 
in one minute, no machine whatever can enable him to lift 2000 lbs. to the same 
height in the same time. He may divide the weight into ten parts, and lift each 
part separately; or by the intervention of a maehiuo ho may raiso tho whole 
mass together, requiring, however, ten minutes for the task. 

On the other hand, it is often the object of a machine to move a small 
resistance by a great power. 

In a watch, the moving force of the mainspring is very much greater than 
the resistance of the hands, revolving about the dial. In a locomotive engine, 
each full stroke of the piston moves the train through a spaco equal to tho 
circumference of the driving wheel ; if the length of stroke is (.no foot, and ths 
circumference of the wheel 12 feet, then tho velocity of the piston will bo to the 
velocity of the taain, as 2 to 12 ; consequently the power acting on the piston is 
greater than the resistance of the train, in the proportion of 12 to 2* 
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110 Adaptation of the power to the weight in machinery.* - 

The use of machines is to adapt the power to the weight. If the inten- 
sity, direction, and velocity of the power, were the same as the intensity 
and direction of the resistance, and the velocity required to be given to 
it, then the power might be directly applied to the resistance, without 
the intervention of a machine. But if a small power is required to. 
move a great resistance ; or, if rt power acting in one direction, is 
required to impart motion in another; or, to impart a velocity greater 
ar less than its own, then it is necessary to employ a machine which 
will modify the effect of the power in the required manner. Besides 
these, the motion of the power may differ from the motion required in 
the resistance in a great variety of ways. 

The power may have a reciprocating motion , as in the locomotive engine, and 
bo required to produce' a continuous motion in a straight lino, as in moving a 
train upon a railway. Or, the power may have a rectilinear motion, as a stream, 
and be employed to produeo the circular motion of the stones in a grist-mill, or 
tho reciprocating motion of a saw, in a saw-mill. 

In every class of machines, the relations existing between the power 
and the resistance, depend solely on the construction of the machine ; 
but even a general account of the ingenious contrivances by which the 
moving force is regulated, modified, and adapted to the varying condi- 
tions and requirements of the resistance, would lead us far beyond the 
limits and design of this work. 

111. Vis viva, or living force, is the power of a moving body to 
overcome resistance, or the measure of work which can be performed 
before the body is brought to a state of rest. The vis viva of a 
body is represented by M V‘\ or the mass of the body multiplied by tho 
square of its velocity. 

When a body is projected vertically upwards, the height to which it 
will ascend is proportional to the square of its velocity. If W represent 
the weight of the body, and li the height to which it is elevated by a 
given impulse, the amount of work performed will be represented by 
V 2 

Wh, but W = Mg and h ~ , substituting these values of W and h , 

we have the work performed — J MV' 1 . Hence the work which can be 
nerformed by the accumulated power of a moving body is equal to one- 
half the mass multiplied by the square of the velocity. 

Take the case of a pile-driver, in which a heavy mass of iron is ele- 
vated to a height of 30 or 40 feet, and is then suddenly allowed to fall ; 
the resistance overcome in raising the driver is exactly proportional to 
the elevation to which it is raised, and the accumulated power of the 
Stroke increases in the same ratio; hence it is evident that the vis 
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vivo, op power of overcoming resistance, must be truly represented by 
MY\ 

Again, in the case of a railway train moving with a velocity F, the great- 
est velocity attainable by a given power of steam ; let v bo the accelera- 
tion of velocity imparted to the train by the locomotive during the first 
second of its action, and M the mass of the "moving train, including the 
locomotive. If the movement of the train were not retarded by friction, 
or some other opposing force, we should have F= v /, or the velocity, V 9 
wou.d go on constantly increasing; but such vve know is not the case, 
for tin train soon attains a maximum velocity, when the entire force 
of the locomotive is every instant expended in overcoming friction, and 
the train moves on with a momentum expressed by MV, but its vis viva 
is expressed by MV' 1 . If the force of steam were suddenly discon- 
tinued, the power of the moving train to ascend a grade, to overcome 
any obstacle, or to deal destruction to itself, or to any object with 
which it comes in collision, would still be proportional to vis viva or 
MV 2 . Now suppose the velocity of the train to be doubled, so that 
y/ __ oy jfc j 8 evident that in any given interval of time the train 
will pass over twice as many points of resistance as before, and as it 
passes each point at twice the previous velocity, it will encounter at 
every point twice as much resistance to motion as before, lienee to 
impart to the train a double velocity, a fourfold force is required; and 
the power of the train to overcome resistance will be proportional to 
its vis viva, MV /l . This will he the true measure of the force which 
has imparted the velocity V\ and which is now constantly expended 
in overcoming the resistance encountered by the moving train. The 
same principles determine the power expended, or work actually per- 
formed (resistance included), by any kind of machinery. 

It may be necessary to explain more fully the distinction between 
momentum and vis viva, so that it may be readily understood when the 
one or the other is to he taken as the measure of force. 

Momentum, MV, expresses the relation of force to inertia, or the 
amount of motion in a moving body. Vis viva, M V 2 , is the measure 
of twice the amount of work which a moving body can perform before 
it is brought to rest. Vis viva is the measure of forco required to 
maintain a constant motion, MV, against the resistance caused by the 
positive properties of bodies, as attraction, cohesion, repulsion. Momen- 
tum is the measure of the force required, without regard to time, to set 
a body in motion with a velocity F, when no other body interferes with 
its motion, as in the case of a body falling freely in a vacuum. In the 
case of the railway train, the mass of the train multiplied by its velo- 
city i* the measure of useful work performed in a unit of time, but it 
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is not the measure of resistance overcome, or actual work performed, 
or of the force which has been expended in performing that work. The 
latter is measured by one-half the vis viva, or £ MV 1 . 

Illustrations Of vis viva. — Suppose a battering-ram weighing 4000 lbi. 
to bo impelled with a velocity oj^30 feet per second, its vis viva, M V 2 — 4000 X 
80 X 30 = 3,000,000,- yet a cannon ball weighing 04 lbs., flying with a velocity 
of 1000 feet per second, will have a power of dealing destruction more than 
seventeen times as great, for its vis viva equals 64,000,000. Calculations of thif 
«ort explain the origin of the terribly destructive power of the engines of 
modern warfare. 

A railway train moving 60 miles -an hour will possess more than six timei 
the vis viva that it would have when going twenty miles an hour; uud, there- 
fore, it will possess more than six times the power of dealing destruction, either 
to itself or to an obstacle, at the former than at the latter rate. Thus the well 
known relation between speed and amount of damage, in case of accident,, is 
readily accounted for, as also the enormous comparative cost of fuel, aud wear 
and tear of trains of high speed. 

The destructive power of hurricanes, which move from 60 to 100 miles an 
hour, is readily understood when we know that the power of dealing destruction 
increases in proportion to the square of the velocity. 

112. Impact and its results. — When a body in motion encounters 
another, the velocity and momentum of both undergo certain changes, 
which depend on the elasticity of the bodies, and other physical circum- 
stances. 

Impact considered with reference to momentum. — a — When 

a body in motion strikes another at rest, it can continue to move 
only by pushing this body before it, and it must impart so much 
momentum that, after impact, both may move with a common velo- 
city. If the masses of the two bodies arc equal, it is evident that, 
after impact, the momentum will be equally divided between them, aud 
their velocity will be one-half of the velocity of the moving body 
beforo collision. If the mass at rest is double the mass in motion, the 
common velocity will be one-third ; and generally, when a moving body 
communicates motion to a body at rest, the velocity of the two united 
will be to that of the moving body as the mass of the latter is to the 
sum of the masses of both. 

If a musket ball, whose weight is ^ lb., and its velocity 1300 feet a second, 
strikes a suspended cannon ball weighing 48 lbs., it will put it in motion, and 
their common velocity will bo to that of the bullet as is to 48 + ^ , or as I 
!■ to 961 ; the velocity of the two is therefore y^O, or about 1 J feet a second. 

5 — Bodies moving in the same direction may impinge, if their velo- 
cities are different. If an inelastic body overtakes another^ the first 
will accelerate the second, and the second will retard the first, until 
they havf acquired a common velocity, when they will move ou together 
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Since the bodies move in the same direction, there can be no increase 
or diminution of the total momentum by impact, but only a re-distri- 
bution. If they are equal in mass, their velocity, after impact, will be 
half the sum of their previous velocities. 

If before impact, A had a velocity of 6, and B a velocity of 4, then theii 
common velocity will he 5. 

The two bodies may have unequal masses as well as velocities. 

If the mass of A is 8, and its velocity 17, its momentum will be 136. If B 
has a mass of 6, and velocity of 10, its momentum will he f>0. The sum 106 
is the total momentum of the united masses after impact; and this sum 
divided by the sum of the masses gives 14, the common velocity. 

c — If two equal bodies, moving with equal velocities in opposite 
directions, impinge on each other, their moments being equal, will he 
mutually destroyed, and the bodies will remain at rest. The force of 
the shock, in this case, is equal to that which either would sustain, if, 
while at rest, it were struck by the other with a double velocity. If 
the moments of the bodies are unequal, then, after impact, they will 
move together in the direction of the greater, and their joint momentum 
will be equal to the difference of their previous moments, and their 
velocity will be found by dividing that difference by the sum of the 
masses. 

ci-— -These laws may be shown experimentally by suspending two balls 
at the centre of a graduated arc, and producing impact according to 
the conditions described. 

If two bodies moving in different lines impinge on each other, then, 
after contact, they will move together in the diagonal of that parallelo- 
gram whose sides represent their previous moments and directions. 


From these principles it follows that, if two inelastic bodieB, M and N, moving 
in the same direction, with velocities V and F', come in contact, their common 

MV 4 NV’ 

velocity after impact will be expressed by the formula V" -- — — — . 

When the bodies move in opposite directions, the velocity of the body having 
the greater momentum is to be tuken ns positive, and the other negative ; the 
resultant velocity will he in the direction of the body which previously had the 
gi eater momentum. 


Impact considered with reference to vis viva. — When a body 
in motion strikes another body at rest, which is free to move, the two 

MV 

bodies have a common velocity, V // = The vis viva after im- 


pact will be expressed by (JIT -f N) V " 2 = Suppose the 

second body N to be a certain number of times, (represented by a, ) 

10 



82 


PHYSICS OF SOLIDS AND FLUIDS. 


greater than the first body M t then N= a M. The vis viva of the com- 

M 2 V 2 MY* 

bmed mass after impact will then become If = 2 +4 ' 

Hence : — 

When a moving body strikes a body at rest , and the two move on together , 
the vis viva of the combined mass is as many times less than the vis viva 
of the first body before impact as the combined mass is greater than the 
first. 

This principle shows how a man may receive the most violent strokes of a 
sledge-hammer, upon an anvil laid upon his chest, without the slightest injury, 
when, if only a light board were interposed between his person and the descend- 
ing hammer, the stroke would bo instantly fatal to life. The interposition of 
any heavy body wards off the force of a blow on the same principles. 

Pressure produced by impact. — Beaufoy determined that a body 
of 1 lb. weight, with a velocity of 1 foot in a seoond, strikes with a pres- 
sure equal to 0 5003 lb. To find the pressure produced by the impact 
of any projectile, we have the general formula, 

Pressure = 0*5003 MV 2 . 

If the body descends vertically, the weight of the body itself must of 
course be added to the direct effects of impact. 

Destructive effects of impact. — The motion communicated to.very 
largo or immovable bodies, by an impact of small ones, is not lost, 
but becomes insensible from its enormous diffusion. Motion can be 
destroyed only by motion ; friction and resistance disperse, but do not 
destroy it. A 11 impact can act directly upon only a few of the mole- 
cules of the body to which it imparts motion. 

The power which projects a bullet acts on only one-half its surface. 

The motion must, therefore, be diffused from the parts struck to all 
the other parts of the body, before it can begin to move ; and this dif- 
fusion requires time, which may be short indeed, but is not infinitely 
bo. It happens, therefore, that a movable body, if struck by another 
moving with great velocity, may be penetrated or broken at the point 
of impact, without being itself put in motion. The part of the body 
which receives the blow is set in motion with such velocity that its par- 
ticles are rent asunder before motion can be communicated to the ma&s 
of the body. Such effects appear incredible to persons unacquainted 
with the inertia of matter and its consequences. 

A rifle ball may be fired through a pane of glass suspended by & thread! 
without shattering the glass, or evon causing it to vibrate. A door half open 
may be perforated by a cannon ball without being shut by it. A soft missile, 
like tallow, or a light one, like a feather, will act with the force of lead, if sufli- 
•ient velocity la given to it. Firing a tallow candle through a board la a well- 
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Known feat of showmen. In ricochet firing, a cannon ball, shot at an elevation 
jf from 3° to 6°, rebounds from the surface of water, just as every boy haf 
made flat stones skip from point to point on its surface. 


$ 2. Mechanical Powers. 

113. The lever. — A lover is any inflexible rod, fig. 55, resting on a 
point, F, called ihofulcrum, and around which any two forces tend to 
turn it. Levers may he either straight, or bent; simple, or compound. 
It is usual to divide levers into three classes, according to the position 
of the fulcrum in relation to the power and weight. 


55 



56 



Fig. 55 is a lever of the frst class, where the fulcrum is between the 
power and the weight. In the second class, fig. 56, the weight is be- 
tween the fulcrum and the power. In 57 

the third class , fig. 57, the power is 
applied between the fulcrum and the 
weight. 

The arms of a lever are the lines on 
each side of the fulcrum, at right angles 
to the direction of the power and weight. 

In the three figures just given, the levers being horizontal and the 
forces vertical, the arms of the lever 
are evidently, in each ease, the por- 
tions into which it is divided. If, 
however, the lever is bent or is in- 
clined to the direction of either, or 
both, of the forces, then the arms are 
the perpendiculars between the ful- 
crum and directions of the forces. 

Thus in fig. 58 the power acting in 
the direction B P, the moment of the power is not expressed by 
PX A F, but by PX B F. The distance from the fulcrum is called 
the leverage , 
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114. Condition* of equilibrium in the lever.— These oonditiona 
ares’ 1st, The lines of direction of the two forces must he in the same 
pUnA w ith the fulcrum ; 2d, The two forces must tend to turn the lever 
in opposite directions ; 3d, Whatever may be the class of the lever the 
weight and power will be in equilibrium when they are inversely as 
their distances from the fulcrum. Tlius in either of the three figures 
above 

P: W = FW: FP or PXFP = WXFW. 

Consequently the moment of the power, or its tendency to turn ihe 
lever will be augmented, either by increasing the power itself or its 
distance from the fulcrum. 

The pressure on the fulcrum, when the power and weight are in 
equilibrium, is found by applying the principle of the composition of 
forces (4G). In a lever of the first class, the resultant of the power 
and weight is a single force, equal to their sum, and passing through 
the fulcrum ; consequently, the pressure will be equal to the sum of the 
power and weight. In a lever of the second or third class the resultant 
is equal to the difference of the power and the weight. 

Compound levers. — When a small force is required to sustain a 
considerable weight, and it is not convenient to use a very long lever, a 
combination of levers, or a compound lever is employed. When such 
a system is in equilibrium, the power, multiplied by the continued pro- 
duct of the alternate arms of the levers, commencing from the power, 
is equal to the weight multiplied by the continued product of the alter- 
nate arms, commencing from the weight For example, the system 
represented in fig. 59, consisting of three levers of the first class, will be 



in equilibrium when 

P X A F X B F / X C F" = W X D F" X C F' X B F. 

If the long arms are 6, 4, and 5 feet, aud each of the short arms 1 foot, 
then 1 lb. at A will sustain 120 lbs. at D ; but if a simple lever had 
been used, the long arm being increased simply by adding these quanti- 
ties, we should have gained a power of only 6-j-4-f5 = 15tol. 

115. Application of the lever. — Machines and utensils in daily 
use offer us familiar examples of the three classes of levers. 
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Of the Jtr si class we name the crowbar and poker } when used to raise 
the load on their points. Sois- 60 

iors, snuffers, and pincers are 
pairB of levers of this class, 
the point C, fig. 60, which con- 
nects them being the fulcrum. 

The power is applied at the 
handles, and the resistance is the object between the blades. 

Another example of the bent lovor is seen in the ordinary truck, fig. 61, used 
for moving heavy goods a short distance. In this machine, the axis of the 
wheels, F, is the fulcrum, against which the foot is placed, whilo the weight at R 
is raised off the ground by the hand, applied at P. 



The scale beam, or balance, is one of the most useful applications of 
cne first class of levers. The beam is a lever poised at its centre on a 
knife-edge of Rteel, a, fig. 62. From its ends A B are suspended the 
scale pans C E. The centre of gravity, m, is placed below the fulcrum, 
a, to secure a horizontal position of the beam when in equilibrium. If 
it coincided with the fulcrum the balance would rest equally well in all 
positions, and if it were above the fulcrum the beam would be upset by 
a slight disturbance. 

The steelyard is a levor of the 63 

first class, with unequal arms. The 
mass, Q, to be weighed, is attached 
to the short arm, A, fig. 03, and it 
is counterpoised by a constant 
weight, G, shifted upon the longer 
arm, marked with notches to indi- 
cate pounds and ounces, until equi- 
librium is obtained. It is evident 
that a pound weight at G will 
balance as many pounds at Q as the distance G 0 is greater than A G. 

10 * 
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Levels of the second class occur less frequently. A pair of not 
crackers, with the fulcrum at the 
joint C, fig. 64, is a double lever 
of this class. An oar is another 
example ; the water is the ful- 
crum, the boat is the weight, and 
the hand the power. A door moving on its hinges, and a wheelbarrow, 
ore other examples of levers of the second class. • 

In levers of the third class , the power being nearer the fulcrum, is 
always greater than the weight. On account 65 

of this mechanical disadvantage, it is used 
oply when considerable velocity is required, 
or the resistance is small. Fig. 65 represents 
such a lever, W F, moving on a hinge as a ful- 
crum ; it is plain that the power P moves 
through a small arc, and the weight through a 
large one, and since they are described in the 
same time, the velocity of thet power is less 
than that of the weight. 

The common fire-tongs, sugar-tongs, and sheep-shears, arc double levers of 
this class. The most striking illustrations of this class oflevers are seen in the 
animal kingdom. The compact form and beautiful symmetry of animals depend 
on tho fact that their limbs ure fifi 

such levers. The socket of tho 
bono, a, fig. 66, is the fulcrum ; 
a strong muscle, b c, attached 
near the socket is the power, 
and the weight of the limb and 
whatever resistance w may op- 
pose to motion, is the weight. 

Tho fore-arm and hand are 
raised through a space of one 
foot, by the contraction of a 
muscle applied noar tho elbow, 
moving through less than that space. The muscle, therefore, oxerts 12 timer 
the force with which the hand moves. The muscular system is tho exact in - 
version of the system of rigging a ship. Tho yards are moved through small 
spaces with great force, by hauling in a great length of ropo with small force ; 
but tho limbs are moved through great spaces with comparatively little force, 
by tho contraction of muscles through small spaces with very great force. 

Examples of compound levers are familiar in the various platform 
scales, such as Fair ban ks' and others. However various in form, they 
all depend upon the principles already explained. 

Tho principle of the construction of the weight ig machine is illustrated in 
fig. 67 It consists of a wooden platform, placed over a pit made in a loea- 
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felon oonvenlent for driving henry loads upon it, and is so arranged as to more 
freely up and down without touching the walls of the pit The platform rests 
upon four levers, A F, B F, C F, and D F, all converging toward the centre % 
and e'aoh moving on a fulcrum at A, B, C, D, securely fixed in each corner of 
the pit The platform rests 
on its feet, a' c' d', which 
rest on steel points, abed. 

The four levers are sup- 
ported at the point F, un- 
der the centre of the pla£> 
form, by a long lever, G E, 
resting cn a steel fulcrum 
at E, while its longer arm 
at G is connected with a 
rod, which is carried up 
and attached to the shorter 
arm of the steelyard, and 
is counterpoised by the 
weight P, which, by its 
position on the longer arm, 
indicates at once the weight 
of the load placed upon 
the platform. 

As the four levers A, B, C, D, are perfectly oqual and similar, and all act 
upon the same fulcrum F, the effect of the weight placed upon any part of the 
platform is the samo as if it were concentrated at either of the points «, b, c, d. 

In order tboreforo to ascertain the conditions of equilibrium, we need only 
consider one of these levers, as A F. Suppose the distance from A to F to be 
10 times as great as from A to «, a force of 1 lb. at F would balance 10 lbs. at o, 
or on any part of the platform. So, also, if the distance from E to G bo 10 
times greater than the distanco from the fulcrum E to F, a force of 1 lb., ap- 
plied so as to raise up the end of the lever G, would counterpoise a weight of 
10 lbs. on F, therefore, 1 lb. tending to raise G, would balance 100 lbs. on the 
platform. If the poise, P, is placed 5 times as far from the fulcrum of the steel- 
yard as the attachment of the rod connected with G, then 2 lbs. at P will balanco 
10 lbs. at G, or 100 lbs. at F, or 1000 lbs. on the platform. If the weight of P 
and the graduation of the steelyard are arranged on these principles, the weight 
of the heaviest loads on the platform may be determined with great facility. 

Weigh-locks on canals, and many other applications of the compound lover, 
are arranged on the same principles. • 

Roberval’s counter platform balance. — The exterior appearance 
of this balance is shown in fig. 68, and its interior arrangement in 
fig. 69. The equilibrium of this system f levers is, like that of fig. 67, 
independent of the position of the load on the pans, and the mechnniero 
is such that the pans move on a vertical stem with no deflection from a 
horizontal plane. 

Each pan is supported by a system of throe levers, A B, C D, E F, fig. 69. 
The lover D 0, which supports the pan P, rises and falls equally at both end* 
wirji the moti ns o c the beam A B, C being attached to the end of the beam B, 
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and D being attached at E to the lever BP; EH being equal to £1 B, while F 
Is securely attached to the base, E and B rise and fall equally, and D C is always 

68 



69 



horizontal in every position of the beam A B. Since the lever I) C preserves its 
horizontal position, the stem a supporting the pan P, moves vertically, what- 
ever may be the position of the load on the pan. The indices n m are in the 
samo horizontal line when the pans are in equilibrium. This system is named 
from tlio inventor, Mr. Itoberval of Paris, and dates from about A. D. 1660. 

116. *The wheel and axle. — The common lever is chiefly employed 
to raise weights through small 
spaces, by a succession of short 
.intermitting efforts. After the 
weight has been raised it must 
lie supported in its new posi- 
tion, until the lever can be 
again adjusted, to repeat the 
action. The wheel and axle is 
a modification of the lever, 
which corrects this dofect ; arid, 
since it converts the intermit- 
ting action of the lever into a 
continuous motion, it is sometimes called the perpetual lever. 

This machine consists of a cylinder called the axle, turning on • 
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centre, and connected with a wheel of much greater diameter. The 
power is applied to the circumferenco of the wheel, and the weight is 
attached to a rope, wound around the axle in a contrary direction. 
Instead of the whole wheel, the power may be applied to a handle 
named a winch, or to one or more spokes in- 71 

sorted in the axle. When tho axle is horizontal 
the machine is called a windlass, fig. 70, when 
it is vertical it forms the capstan, fig. 71, used 
on shipboard, chiefly to raise the anchor. Flic 
head of the capstan is pierced with holes, in 
each of which a lever can be placed, so that 
many men can work at the same time, exerting 
a great force, as is often necessary in raising an 
anchor, while the recoil of the weight is arrested by a catch at the 
bottom. 

Tho law of equilibrium is the same as 72 

in the lever. Draw from the centre, or 
fulcrum c, fig. 72, the straight lines c b 
and c a, or ca' % to the points on which 
the weight and power act ; a c b t or c b , 
is evidently a lever of the first class, in 
which the short arm c b is the radius of 
the axle, and c a or c n \ the long arm, 
is the radius of the wheel. Hence, 

W X c b. 

Or, 

P : W= c b : a c. 

That is to say, the wheel and axle arc in equilibrium, when the 
Dower is to the weight as the radius of the axle is to the radius of the 
wheel. 

In one revolution of the machine, the power moves through a space 
*qual to the circumference of the wheel, and the weight moves through 
a space equal to the circumference of the axle ; hence tho power and 
weight are inversely as their velocities, or the spaces they describe. 

117. Trains of wheel-work. — The efficiency of this machine is 
augmented by diminishing the thickness of the axle, or by increasing 
the diameter of the wheel. But if a very great power is required, 
either the axle would become too small to sustain the weight, or the 
wheel must be made inoonveniently large. In this case a combination 
of wheels and axles may be employed. Such a system corresponds to 
the compound lever, and has the same law of equilibrium. The power 
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being applied to the first wheel transmits its effect to the first kxle, 
this acts on the second wheel, which transfers the effect to the second 
axle, &c., until the force, transmitted through the series in this order, 
arrives at the last axle, where it encounters the resistance. In equi* 
librium, the power multiplied into the continued product of the radii 
of all tho wheels, is equal to the weight multiplied into the continued 
product of all the axles. 

Trains of wheel-work are connected by an endless band, or by cogs 
raised on the surfaces of the wheels and axles. Cogs on the wheel are 
called teeth, and those on the axle are called leaves ; the axle itself is 
named a shaft. The number of teeth on the wheels, and leaves on the 
pinions is proportional to their circumferences, and also to their radii. 
Hence, the number of teeth and leaves is substituted for the radii of the 
wheels and axles, and the law of equilibrium is stated as follows: 

The power multiplied into the product of the number of teeth of all the 
wheels, is equal to the weight multiplied into the product of the number 
of leaves in all the pinions. 

Analysis of a train of wheel-work. — A system of wheels is rep- 
resented in fig. 73. If the number 73 

of leaves in b, the pinion of the first 
wheel, is one-sixth of the number of 
teeth on the second wheel, e , the wheel 
will be turned once by every six turns 
of the pinion. Let the second pinion, 
e , have the same relation to the third 
wheel,/; then the first wheel will re- 
volve 36 times while the third revolves 
once ; and the radiu.s of a , the wheel 
to which the power is applied, being 3 
times the radius of d , the axle which 
ssutains the weight, the velocity of the 
power is 3 X 36 = 108 times the velo- 
city of the weight. Or, 

P: JF=1: 108. 

Combinations of wheol-work aro employed either to concentrate or to diffuse 
force; either to set hoavy loads in motion by means of a small power, or to pro- 
duce a high velocity by exerting a considerable power. In the first case, the 
power is applied to the first wheel of the series, and is transmitted in tho order 
already described. In tho second instance, this arrangement must be reversed ; 
the power must exert itself on the shaft, d, in order to produce rapid revo- 
lution of the last wheel. The crane for hoisting g$)ds is an example of the first 
kind the watoh is an instance of the second. 
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118. The pulley. — Fixed pulley. — The usual form of this machine 
is a small wheel, turning on its axis, and having 74 


a groove on its edge, to admit a flexible rope or^ 
chain. In the simple fixed pulley, fig. 74, there 
is no mechanical advantage, except that which 
may arise from changing the direction of the 
power. Whatever force is exerted at P, is trans- 
mitted, without increase or diminution (except 
from friction and the rigidity of the rope), to the 
resistance at the other end of the cord. From the 
axis C, draw C a and 0 6, radii of the wheel, at 
right angles to the direction of the forces ; a 0 b 
represents a lover of the first class, with equal 
arms; hence, in equilibrium, the power and 



weight must be equal, and they describe equal spaces. 


119. Movable pulley. — When the block or frame is not fixed, the 


pulley is said to be movable. The weight is 76 


suspended from the axis of the movable pul- 
ley, and the cord is fastened at one end, and 
passing over a fixed pulley, is acted on by the 
pow r er at the other. In this arrangement, 
fig. 75, it is plain that the weight is supported 
equally by the power and the beam at D. For 
the pulley acts as a lever of the second class, 
whose arms are to each other as 1:2; the 
fulcrum is at b, be is the leverage of the 
weight, and ba the leverage of the power. 
The diameter b a is twice the radius b c, there- 
fore equilibrium will obtain when the power 
is equal to one-half of the weight: t. e., 

P: W= b c : ba = 1:2, 

therefore, 



To raise the weight one foot, each side of the cord must be shortened 
one foot, and the power, consequently, passes over two feet. The 
space traversed by the power is twice the space described by the 
weight. 

120. Compound pulleys. — Sometimes compound pulleys are used, 
each consisting of a bloc® which contains two or more single pulleys, 
generally placed side by side, in separate mortices of the block. Such 
on arrangement is shown in fig. 76. The weight is attached the 
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movable block, and the fixed one only serves to give the power the 
required direction. It is easily seen that the power 76 

required at Pis just the same as would be required at 
any point between A and B. The weight is divided 
equally among the pulleys of the movable block, and, 
of course, among the cords passing around them ; and 
as the power required to sustain a given weight is 
diminished one-half by a single movable pulley, it 
follows that such a system will be in equilibrium 
when the power is equal to the weight divided by the 
number of cords, or by twice the number of movable 
pulleys. 

W 

P: W= l : 2n, or, P — 

In this system, as in the single movable pulley, the 
space through which the weight is raised, is as much 
less than the space through which the power descends, 
as the weight is greater than the power. 

P : W = velocity of weight : velocity of power. 

If the power is moved through 6 feet, fig. 70, each division of the cord 
in which the movable block hangs will be shortened one foot, and the 
weight raised one foot. 

Another system of pulleys is represented in 77 

fig. 77. In this arrangement each pulley hangs* 
by a separate cord, one end of which is attached 
to a fixed support, and the other to the adjacent 
pulley. The effect of the power is rapidly aug- 
mented, being doubled by each movable pulley 
added to the system. The numbers placed near 
the cords show what part of the weight is sus- 
tained by each, and by each pulley. Such a 
system, however, is of little practical use, on 
account of its limited range. In the common 
block system, fig. 76 (in practice the pulleys or 
sheaves of each block are placed side by side, 
to save room, here they are separated for sake 
of clearness), the motion may continue until 
the movable block touches the fixed one ; but 
in this only till D and E come together,^ 
which time A will have been raised only £ of that distanoe. 

W 
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121. The inclined plane. — This mechanical power is commonly 
used, whenever heavy loads, especially such as may be rolled, are to 
De raised a moderate height. In this way casks are moved in and out 
of cellars, and loaded upon carts. The common dray is itself an inclined 
plane (as is clearly seen by inspecting iig. 78). Suppose a cask weigh- 

78 



ing 500 lbs. is to he raised 4 feet by means of a plank 12 feet long; it 
is plain, that while the cask ascends only four feet, the power must 
exert itself through 12 feet, and hence, 12 : 4 = 500 : lOGjj, the force 
necessary to roll the cask. 

In mechanics, the inclined plane is a hard, smooth surface, inclined 
obliquely to the resistance. The length of the plane is US, fig. 79, 
ST its height, and RT its base. The power may be applied, 
a — In a direction parallel to the length ; ' 

b — Or parallel to the base ; 
c — Or in any other direction. 

In each case the conditions of equilibrium may bo derived from those 
of the lever. 

122. Application of the power parallel to the length of the 
Inclined plane. — When a body is placed upon an inclined plane, fig 
79, its weight, which is the 79 

resistance to be overcome, 
acts in the direction of the 
force of gravity, namely in 
the perpendicular b a. Let 
the power, P, act, by means 
of the cord, in the direction 
ac, parallel to the inclined 
plane R S, then from the 
point a draw a d at right 
angles with the inclin^ft 
plane, and complete the 
parallelogrnm aebd. The force of gravity will be resolved into twe 

u • 
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other forces ; one represented b j be causing pressure on the inclined 
plane ; the other, represented by c a, tending to cause motion *down the 
inclined plane. This latter force is to be balanced by the pewer ap 
plied to move the body. The body will therefore be sustained when 

Pi W=ac i ab; 


and since the triangles abc and It S T are similar, 
Pi S T : R S ; 


Or 


P= WX 


ST 

KS* 


This may be illustrated by an apparatus constructed like that shown 
in the figure. 

If the direction of the power is parallel to the inclined plane, equili- 
brium will obtain, when the power is to the weight as the height of 
the plane is to its length. While the weight is raised through a space 
equal to tfte vertical height of the plane, the power must move through 
a space equal to its length. If the length of a plane is 10 feet, and its 
height 2 feet, P must move 10 feet, while W is raised 2 feet; hence the 
power and w r eight are inversely as their velocities. 

123. Application of the power parallel to the base of the 
inclined plaile. — In the second case, 
let the power act in the direction of a P, 
fig. 80, parallel to B C, the base of the 
plane; and draw, the lines ba and be 
perpendicular to the direction of the 
power and weight: then abc is a 
bent lever, having its fulcrum at b , and 
equilibrium will take place when 
Pi W^bciab; 

and, the triangles abc and ABO being similar, 


80 



Or 


P: IT=AB:BC; 


WX 


AB 

BC’ 


If the direction of the power is parallel to the base of the plane, 
equilibrium will obtain w T hon the power is to the weight as the height 
of the plane is to its base. 

In this case the space described by the power is to the space described 
by the weight as the base of the plane is to its height. 
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124. Application of the power in some direction not parallel 
to any side of the plane. — Lastly, lot tho power act in some direc- 
tion not parallel to any side of the plane ; for example : in the direction 
a P, fig. 81, draw the lines be and ba perpendicular tc the directions 
of the two forces ; then, as before, 


P: W=bc:ab. 


But as the triangles a b c and ABC are not similar, the proportion 
between the arms of the lover cannot 81 

be expressed by the sides of the plane. 

It follows from what lias been said, that 
the effect of a given power is greater, as tlio 
height of tho piano is diminished or its 
length increased ; and that the effect is 
greatest when its direction is parallel to 
the length of the plane , for, if the power 
acts in any other direction, a part of its 

force is expended, either in increasing the ° YW 

pressure of the body on the plane, or in lilting the weight direetly. 



125. The wedge. — Instead of lifting a load by moving it along an 
inclined plane, the same result, may he obtained by 
moving the plane under the load. When used in this 
manner, the inclined plane is railed a wedge. It is 
customary, however, to join two planes base to base. 

In fig. 82, AB is called the back of the wedge, AC 
and BC its sides, and dC its length. The power is 
applied to the back of the wedge, ho as to drive it 
between two bodies, and overcome their resistance. 

The resistance may act at right angles to the length or to 
the sides of the wedge. In the first ease it resembles an inclined plum*, when 
the power is parallel to the base ; and hence the forees will he in equilibrium 
when tho power is to the resistance as the hack of the wedge is to its length. 
In the second case it is similar to a plane when the power is para! lid to the 
length; and therefore in equilibrium when the power is to tho resistance as 
the back of the wedge to its side. 

The power is supposed to move through a space equal to the length of the 
wedge, while the resistance yields to the extent of its breadth. 

126. Application of the wedge. — As a mechanical power, the wedge 
If used only where great force is to be exerted in a limited space. In oil-mills, 
the seeds from which vegetable oils are obtained are sometimes compressed 
with enormous force by means of a wedge. It is everywhere employed to split 
masses of stone and timber. The edges of all cutting tools, as saws, knives, 
ehisels, razors, shears, Ac., and the points of piercing instruments, as awls, nails, 
pins, needles, Ac., are modified wedges. Chisels intended to cut wood, have 
their edge at an angle >f about 30° ; for cutting brass, from 50° to 60° ; and for 
faron, about 80° to 00° The softer or more yielding theoubstance to be divided 
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tbo more acute the wedge may be constructed. In general, tool* which are 
urged by pressure, admit of being sharper than those which are driven by a 

M Tbe therry of the wedge gives hut very little aid in estimating its effects, as 
it takes no accouut of friction, which so largely modifies the results, and the 
'proportion between pressure and a blow cannot be defined. 

127. The screw. — This machine has the same relation to the ordi- 
nary inclined plane that a spiral staircaso has to a straight one. This 
relation is shown in fig. 83, the dotted line KL 88 

marking the continuation of the spiral. The 
position Df the different parts of an inclined 
plane upon a screw is shown in fig. 84. abed ef g, 
is the spiral course of the inclined plane upon the 
screw, and a cf cf g' are points in the straight 
inclined plane corresponding to similar letters on 
the threads of the screw, as would be seen by 
winding the plane around the cylinder. The 
thread of a screw prtyects from the surface of the cylinder, and is 
designed to fit into a spiral groove, cut in the interior of a block called 
the nut; a lever is also 84 

fixed in the head of the — — — ^ 

cylinder to which the | | lj| , J j| 
power is applied. The 

combination of these nfjjf'jj { 

parts forms the media- I : \ __ 

nical power technically 
called the screw. 

In working the screw, the resistance acts on the inclined face of the 
thread, and the power parallel to the base of the screw. This cor- 
responds to the case in which the direction of the power is parallel to 
tlie'basc of the inclined plane. Equilibrium will, therefore, take place 
when the power is to the resistance as the distance between the threads 
cf the screw is to the circumference described by the power. 

P-. W=h :2R«, andP= WxJri 


k being the distance between the threads, R the radius of the screw, or 
of the length of the lever attached to it, and it the ratio of the*circum- 
ference of a circle to its radius. 

During each revolution the power describes a circle, whose circum- 
ference depends on the length of the lever, but the end of the screw 
advances only the distance between two threads ; thus in this, as in all 
eases of th< use of machiues, what is gained in power is lost in velocity 
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128. Mechanical efficiency and applications of the screw.— 

The mechanical efficiency of the screw 
is augmented, either by increasing the 
length of the lever, or by lessening the 
distance between the threads. If the 
threads of a screw are J of an inch 
apart, and the power describes a circle 
of 5 feofc (120 half-inches) circumfer- 
ence, a power of 1 lb. will balance a 
resistance of 120 lbs. ; if the threads 
are J inch apart, 1 lb. will balance 240 
lbs., the efficiency being doubled. 

Fine screws are thcrefc rc more power- 
ful than coarse ones. The applications 
of this most useful mechanical power 
are too numerous to mention, but no 
more frequent or important example of its use 
seen in its use in presses of nearly all kinds, 
which is seen in the copying press, fig. 85. 

129. The endless screw is a contrivance by which a slow motion 
is imparted to a wheel, as shown in fig. 

86. The threads of the screw act upon 
the cogs of the wheel, and serve to move 
the weight Q, attached to the axis M L. 

If we call the radius of the circle de- 
scribed by the winch D B = r, and let 
h = the distauce between the threads of 
tlvv screw, we shall have the power of the 
2 Hr 

Mew = -T-. Let R = M F, and 



can be named than is 
A good illustration of 



R 

and the power of the wheel and axle will = jp. 
Then W : P = 2*r X R : h X R' \ 


W=PX 


2*rR 

TIF' 


Therefore the weight is to the power as the circumference of the 
drcle described by the winrh D, multiplied by the radius of the wheel, 
a to the distance between the threads of the screw multiplied by the 
adius of the axis. 

11 * 
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\ 3. Strength and Power. 

130. Animal strength. — The mechanical effect prtduicd by men 
and animals is subject to extreme variation, according to the various 
circumstances under which it is applied. The effect produced is deter- 
mined by multiplying the load (or weight) by the speed. There is 
always a certain relation between the elements, which will give the 
maximum effect; for the load may be so great that it will require all 
the strength of the animal to support it, and then he cannot move; or, 
again, the animal may have a speed of motion so great, that he cannot 
carry any load, however small. 

131. Strength of men. — It has been found that the strength of a 
man may be exerted, for a short time, most advantageously in raising a 
weight when it is placed between his legs. The greatest weight that 
can 1)0 raised in this maimer, varies from 400 to (iOO lbs. ; its average 
amount docs not however exceed ‘200 lbs. 

The greatest mechanical effect from muscular force is obtained when 
the animal acts simply by raising his weight to a given height, and 
then is lowered by simple gravity, as upon a moving platform, the 
animal actually resting during the descent. In other words, the animal 
affords a convenient mode of raising a given weight (his own) to a 
certain height. Thus, if two baskets are arranged at each end of a 
rope bung over a pulley, and a weight to lie raised is placed in one of 
tha baskets, one or more men, whose weigh; is greater than that of the 
load to he raised, can, by getting into the. empty basket, raise the 
weight as often as may be required. It has been found bv experiment 
that, in this way, a man working eight hours can produce an effect 
equivalent to 2,000,000 lbs. raised one foot ; while at a windlass an 
effect of only 1,250,000 lbs. is produced, and at a pile engine, only 
750,000 lbs. In the tread-mill, the daily effect of men of the average 
strength is 1,875,000 lbs. raised one foot. Spade labor is one of the 
most disadvantageous forms in which human labor can be applied; the^ 
force exerted being always much greater than the weight of the e * 
raised. The muscular effect of the two bands of a man is abo *b 
110} lbs., and for a female about two-thirds of this quantity. *) 

132. Horse-power machines. — One of the most advanta reWf 
methods of applying the strength of animals, is by machines * CU n 
structed upon the principle of the tread-mill. In practice, however, 
has been found more convenient to apply horse-power to machinery b^. 
means of a large beveled or toothed wheel, fixed horizontally on a « 
strong vertical axis, as in fig. 87. The horses are attached! to project’ 
ing armB of this wheel, and as they move in their circular oath, they 
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push against their cellars, and make the wheel revolve. This beveled 
wheel acts on a beveled pinion attached to a horizontal shaft, in oon 
nection with the machinery to 87 

oe set in motion. The maximum 
effect which a horse can exert 
in drawing is 900 lbs., but when 
be works continuously, it is 
much less. In the machine just 
mentioned, a horse of average 
strength produces as much effect 
as seven men of average strength 
working at a windlass. Accord- 
ing to experiments made by 
Predgold, it appears that the 
average load which a single horse can draw, at the rate of 20 miles per 
day, in a cart weighing 7 cwt., is one ton of 1800 lbs. 

133. Table of the comparative strength of men and other 
animals. — The following estimates of the relative strength of man and 
other animals, have been giveu by the authorities whose names are 
indicated, Coulomb’s estimate of the labor of a man being in each case 
taken as the unit. 

Carrying loads on the back, on a level road : 



Horse, according to Brunacci, 4*8 
“ “ Wessemann, 6*1 

Mule, “ Brunacci, 7*6 

In drawing loads, on a level road, with a wheeled vehicle: 

Man with a wheelbarrow, according to Coulomb, 10*0 
Horses in four-wheeled wagon, “ “ 175*0 

“ in two-wheeled cart., according to Brunacci, 243*0 
Mule, “ " •' “ 233*0 

Ox, “ “ “ “ 122*0 


Il&ssenfratz gives the following comparative estimate : 


la carrying load* on a level road. 


Man, 1*0 

Horse, . : 8*0 

Mule, 8*0 

Ass, 4*0 

Camel, 31 0 

Dromedary, 25*0 

Elephant, ...... 147*0 

Dog, 1*0 

Reindeer 3*0 


In drawinf loads on a lev:! road. 


Man, .... 

.... 1-0 

Horse, . . . 

. . . . 7*0 

Mule, .... 

.... 7*0 

As8j • • • • 

. . . . 2*0 

Ox, . • . . 

. . .4 to 7*0 

Dog, .... 

. . . • 0*6 

Reindeer, • . 

.... 0*2 


134. Steam-power. — Water is converted into steam by the applic* 
lion of heat Steam is an elastic, condensible vapor, capable of exert* 



100 PHYSICS OF SOLIDS AND FLUIDS. 

ing great force . During the conversion of a cubic inch of water into 
steam a mechanical force is exerted, which may be stated, in round 
numbers, as equivalent to a ton weight raised one foot high. Tho 
water is merely the medium by which the mechanical effects of heat 
are evolved. The real moving power is the combustible, the coal or 
wood, consumed in the evaporation of the water. 

The maximum effects from a given weight of coal, in evaporating 
water, and consequent mechanical effect, have been obtained in Corn- 
wall, England, where a bushel of coal, weighing 84 lbs., has produced 
a mechanical effect equivalent to 120,000,000 lbs. raised one foot. 
Probably 100,000,000, is the maximum mechanical effect attainable, in 
regular work, by the consumption of a bushel of coal. 

As the maximum effect produced by man is 2,000,000, and that of a 
horse 10,000,000, it follows, that one bushel of coal consumed daily 
nmy perform the work of 50 men or 10 horses. 

In tho chapter on heat and the steam-engine, this subject will be 
more fully considered. It is introduced hero only for the sake of the 
convenient standards of force it gives us. 

The dynamometer , already described (37), is employed to measure the 
efficiency of any given mechanical power. 

135. Perpetual motion. —Many visionary persons have convinced 
themselves of the possibility of constructing a machine to work con 
tinuously, with no new access of power. That such a machine is im 
possible, in the nature of things, is 88 

dear from the fact that no combina- 
tion of parts in a machine can create 
power, A machine can only transmit 
force, subject to the various losses 
incident to friction and other resist- 
ances. 

Fig. 88 shows one of the numerous 
forms of apparatus contrived in the 
vain effort to elude the laws of nature 
and produce a perpetual motion. The 
eight balls are hinged on points, in 
such a way that those on the falling 
side are held farther from the axis than those on the rising side. Not 
only docs experiment show that such a machine will not work , but it 
is plain that the sum of the resistances (aside from friction, &c.) 
must equal the sum of the powers. 

Nature, in cataracts, in the revolution of the earth and other heavenly 
bodies, furnishes us examples of perpetual motion. But in mechanics 
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this term implies the assumed capacity of a machine to continue the 
performance of its work by some renewing force — as of a clock which 
should wind itself up in proportion as by gravity it runs down — a 
thing plainly impossible. 

I 4. Impediments to Motion. 

136. Passive resistances. — Besides those resistances which a rna 
chine is designed to overcome, there are certain others which arise 
luring the movement of the machine, and oppose its useful action by 
destroying more or less of the moving power. These forces are desig- 
nated by the general name of passive resistances , or impediments to 
motion. 

Several kinds are distinguished : 

1st. — When we attempt to cause one body to slide over nnothor, a 
resistance is experienced, so that it is necessary to use a certain degreo 
of force to commence the sliding, and also to continue the motion after 
it has been begun. This is the resistance called sliding friction , or 
simply friction. 

2d. — When a cylindrical body is rolled on a plane surface, the move- 
ment is opposed by a force called the rolling friction. If is seen, for 
example, in the rolling of carriage wheels on the ground. 

3d. — The ropes and chains which enter into the composition of some 
machines, are supposed, in theory, to be perfectly flexible, but as they 
are not so, a considerable loss of power is caused by their stiffness, or 
imperfect flexibility. 

4th. — The movements of all machines take place either in air or 
water, and the particles of these fluids which come in contact with the 
machine, are continually set in motion, which can only happen at the 
expense of the moving power. This is called the resistance of fluids. 

137. Sliding friction. — If the surfaces of bodies were; perfectly hard 
and smooth, they would slide upon each other without any resistance. 
But the most highly polished surfaces are, really (as they appear undoi 
the microscope), full of minute projections and cavities, which fit in 
each other when two surfaces are brought into contact. The force 
required to overcome the roughness and consequent adhesion of sur- 
faces is the measure of friction. This quantity, divided by the weight 
>f the body, forms a fraction which is called the co-eflioient of the 
friction. 

133. Starting friction — Friction during motion. — The amount 
of force necessary to commence the motion of two bodies, sliding on each 
other, is, in most cases, greater than the force required to continue the 
movement uniformly after it has been begun ; hence this resistance is 
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distinguished into two kinds, starting friction, and fricnon during 
motion. They are also called statical and dynamical friction. Whewell 
proposes to name the former striction , reserving the word friction for 
the latter. However named, the laws of each can be determined only 
by experiment. 

Coulomb’s apparatus for determining starting friction. — Dif- 
ferent observers are by no means agreed in respect to all the laws of 
friction; we shall here follow the results obtained in 1781, by the 
celebrated French philosopher and mathematician, Coulomb. In 1831, 
Morin, by command of the French government, repeated and enlarged 
the experiments of Coulomb, usually verifying his general conclusions. 

The principal apparatus used by Coulomb is represented in iig. 89 

89 



It consists of a horizontal table; a box, A, to receive the weights used 
to produee the different piessures; a pan, 1>, on which were placed the 
weights to drag the box along the table by means of a coni passing 
over a pulley. The box was mounted on slides, of the same substance 
on which the experiment was to be made, ami corresponding slips of 
the same, or a different substance, were placed under the sliders on 
the table. The amount of the weight required to be placed in D, H 
move the box from a state of rest, is the measure of starting friction ; 
and the weight necessary to continue the movements uniformly, is th*. 
measure of friction during motion. 

Results of Coulomb’s experiments on starting friction. — 
Without detailing the experiments, it will be sufficient to state their 
general results embraced in the following laws : — 

Friction during movement is, 

1st. — Proportional to the pressure exerted ‘upon the sliding surfaces 
2d. — Independent of the extent of the surfaces in contact. 

3d. — Independent of the velocity of the movement. 

4th. — Greater between surfaces of the same than surfaces of different 
materials 
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5th.- -Greatest between rough surfaces, and is diminished by polish* 

• ng, and usually by the use of suitable unguents. 

Friction at starting is, 

1st. — Proportional to pressure. 

2d. — Independent of extent of surface. 

3d. — Generally increased by polishing the surfaces. 

The friction at starting, and during the movement, are the same, 
when the sliding surfaces are hard, like the motals ; but if tho bodies 
are compressible, like wood, the starting friction is much tho greatest. 
When at least on? of the surfaces is compressible, the resistance is not 
always the same, but varies according to the time the surfaces have 
been in contact. If wood slides on wood, the starting friction attaius 
its grt?alest intensity in two or three minutes; but if the sliding sur- 
faces arc wood and metals, the greatest intensity is not reached for a 
much longer time, several hours, and sometimes several days. But after 
a certain time has elapsed, the starting friction is no longer augmented 
by lengthening the time of contact. 

It appears strange at first, and contrary to our previous ideas, that 
the friction at starting, and during movement, should not be increased 
by enlarging the surfaces in contact, and vice. versa. The explanation is 
this, friction is proportional to pressure; if, therefore, two bodies 
have the same weight, and one has twice the surface of the other, the 
weight, being equally distributed on each surface, will bo twice as 
great on each point of the surface of the first body as on each point of 
the second, and consequently the friction at each point of the first is 
twice the friction at each point of the second, and the whole friction 
must he the same for each body. This law, however, docs not hold good 
in extreme cases. 

With the same pressure, the friction varies exceedingly according to 
ffce pature of the surfaces in contact. The following table shows the 
ratio of friction in several cases, tho pressure being 100. 


Surfaces in contact. 

Ratio of friction to preMuro 

At sterling. 

In motloa. 

Wood upon wood, 

0-50 

036 

“ ** “ with coating of soap, . . 

0-36 

014 

i « ** ** ** « of tallow, . ] 

0-19 

0*07 

u “ metals, . . 

0 60 

0*42 

« “ “ with coating of tallow, . 

012 

008 

Leather bands on wood, 

0-63 

0*45 

" " wet, 

0-87 

0-33 

Metals on metals, 

018 

0*18 | 

1 u a u w jth coating of olive oil, 

0*12 

0*07 1 

> 
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139. Rolling friction. — The resistance experienced in rolling a 
cylinder along a plane surface is distinct in character from the friction 
produced in sliding the cylinder, and very much less in amount. In 
wood rolling on wood the proportion, of resistance to pressure is from 
id to 1000, or 6 to 1000, while the sliding friction in the same case would 
be as 5 to 10, or 36 to 100, according to the kind of sliding friction. The 
resistance of rolling friction arises from a slight change of form pro- 
duced in the body, and the surface on which it moves, and correspond- 
ing to the amount of pressure. The cylinder is flattened, and the plane 
depressed, so that the moving force is exerted in continually moving 
the body up a very minute inclined plane. 

Coulomb’s apparatus for determining rolling friction. — The 
apparatus employed by Coulomb, consisted of two bars, horizontal and 
parallel, with a space between them, fig. 90. A cylinder of the same, 
or a different substance, was placed 90 

transversely across the bars, and loaded 
with any required pressure by hanging 
strings upon it, carrying equal weights 
at their extremities. Another string, 
wound several times around the middle 
of the cylinder, carried a pan c to re- 
ceive the weight necessary to produce 
motion. It is evident that this weight 
acted always at the extremity of the 
radius of the cylinder as a lever. 

Results of Coulomb’s experi- 
ments on rolling friction. — From the 
experiments were derived the following 
laws : — 

The friction of rolling bodies is, 0 ^ 

1st. — Proportional to pressure. 

2d. — Independent of velocity, of the diameter of the cylinder, and 
the extent of the surfaces in contact. 

3d. Greater when the substances are the same than when they are 
different. 

4th. — Not diminished by coatings of grease, but is so by the polish 
of the surfaces. 

If the force -which produces the movement, instead of being applied 
always at the same arm of the lever, fig. 90, were applied horizontally 
at the centre of the cylinder, or at the upper extremity of its vertical 
diameter, it would be inversely proportional to the diameter. 

The friction of the axle of a wheel, whet her the axle itself turns, of 
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the wheel on the axle, is somewhat less than sliding friction, but obeys 
the same laws. The friction of axles may bo reduced one-luilf or one- 
quarter its original amount by the use of proper unguents. 

140. Mr. Babbage’s experiment. — Mr. Babbage cites an instruc- 
tive experiment to illustrate the decrease of friction. A block of stone 
weighing 1080 lbs. was drawn on the surface of a rock by a force of 
758 lbs. ; placed on a wooden sledge, it was drawn on a wooden floor by 
a force of 600 lbs. ; when both wooden surfaces were greased, 182 lbs. 
was sufficient; and when the block was mounted on wooden rollers of 
three inches diameter, a force of only 28 lbs. was required to move it. 

141. Advantages derived from friction. — The advantages arising 
from friction are vastly greater than the loss of power which it 
occasions. Without this property of matter it would be equally impos- 
sible to make or use machines, for nothing could be nailed, or screwed, 
or tied together, or grasped securely in the hand. From the difficulty 
of walking on very smooth ice, we may infer how useless would bo the 
sffort to move, if our feet met no resistance whatever. 

142. Rigidity of ropes. — When ropes are used to transmit force, 
their stiffness occasions a considerable loss of powor, amounting, in 
some combinations of pulleys, to two-thirds of the whole power. The 
amount of the loss from this causo is modified by many external cir- 
cumstances, such as the dampness of the cordage, its quality, and the 
manner in which it is made. In general, the resistance of ropes is, 

1st. — Proportional to the tension to which they are subjected. 

2d. — It increases with the thickness, and is greatest in those that 
have been strongly twisted. 

3d. — It is inversely proportional to the diameter of the wheel or 
cylinder around which the ropes are bent. 

143. Resistances of fluids. — The resistance which a moving body 
^mfets in air and water, is an effect of the transfer of motion from the 

solid to the particles of the fluid. For the moving body must constantly 
displace a part of the fluid equal to its own hulk, and the motion thus 
communicated is so much loss of the motive power. When other cir- 
cumstances are the same, the denser the medium the greater will he 
the resistance which it offers. Newton demonstrated that if a spherical 
body moves in a medium at rest, and whose density is the same as its 
own, it will lose half of its motion before it has described a space equal 
to twice its diameter. The resistance encountered by a body moving 
in water is 800 times greater than if it were moving with the same 
velocity in air ; for water being 800 times more dense than air, the 
body must displace and communicate its own motion to 800 times as 
much matter in the same time. 
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The resistance also depends upon the extent and form of the surface 
frhieh is directly opposed to the resistance ; i. e., at right angles to the 
direction of the motion. A body with a pointed, wedge-shaped, or curved 
surface, is less opposed than one whose surface is flat and broad. 

The resistance increases as the square of the velocity ; for if the 
velocity is doubled, the loss of motion must be quadrupled, because 
there is twice as much fluid to be moved in the same time, and it haa 
also to be moved twice as fast. Again, let the velocity be trebled, then 
the body will meet three times as many particles of the fluid in the 
same time, and communicate throe times the velocity ; therefore the 
resistance is 3 X 3 — 9 — 3 2 , 

Bodies having the same figure and density overcome the resistance 
of fluids more easily in proportion to their size. In cannon-balls, for 
example, the extent of surface to which the resistance is proportional 
increases as the square of the diameter, while the weight, or pojwer to 
overcome resistance, increases as the cube of the diameter. If twc 
balls have diameters in the ratio of 2 : 3, the resistances which they 
will encounter at* the same velocity of .projection, will be in the ratio 
of 4 : 9, and their moving force in the ratio of 8 : 27. 

144. Actual and theoretical velocities. — In consequence of these 
impediments to motion, the actual movements of bodies are materially 
different from the theoretical motions explained in previous sections. 
The motion ofVfalling bodies is very far from being uniformly accele- 
rated, nor do all bodies fall with equal rapidity, as theory requires, 
and as was seen to be true in the guinea and feather experiment. The 
resistance of the air, which is very small at first, rapidly increases, and 
after a certain time becomes equal to the force of gravity, when the 
body will no longer be accelerated, but move uniformly through the 
remainder of its descent. The descent of bodies on inclined planec 
and curves deviates still more from uniformly accelerated motion, sigce^ 
the effect of friction is added to the resistance of the air. 

145. Ballistic curve. — A still greater difference is observed be- 
tween the actual and theoretical motions of pro- 91 

jeotiles (103). Instead of describing a parabola, 

A £ B, fig. 91, the projectile actually describes 

the curve A C D, called the ballistic curve, which \ 

never attains so great a vertical height, or so long A \ S 

a range as the corresponding parabola, apd i 

which, toward the end of its course, continually ^ 

approaches the perpendicular, E F, A four- I* 

pound shot, which flies 6437 feet in the air, would traverse in a vacuum 
ft space of 23,226 feet. 
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As in the cajfc of friction, the bonefits resulting from this state of thingp 
overpay the disadvantages. Fish could not swim, nor birds fly. were it not fo» 
the resistances of the media they inhabit. The paddle-wheels of a steamet 
would not movo it, nor its rudder guide its course, if they met no resistance to 
their movements. And we can very well dispense with a perfect theory of pro- 
jectiles, if thereby the rain is prevented from descending with the destructive 
velocity of hail-stones. 


Problems. — Vis Viva. 

47. If a locomotive and train movo 20 miles an hour, how much greater force 
will be required to move a train weighing three times as much 25 miles un 
hour ? 

48. If a locomotive weighing 30 tons will draw a train weighing 00 tons 15 
miles an hour, at what velocity will it. draw a train weighing 30 tons ? The 
weight of the locomotive is to he added to the train in both cases. 

49. What will be the rclafc’ve destructive power of a hurricane moving 00 
miles an hour, and another moving 90 miles an hour? 

50. If a pile-driver weighing 1500 lbs. raised 20 feet strikes with a given fore# 
to overcome resistance, to what height must it be raised to give a shock two and 
a half times as great ? 

51. What is the comparative destructive power of a cannon-ball weighing 64 
lbs. flying 1000 feet per second, and another ball weighing 200 lbs. flying 1506 
feet per second? 

The Lever. 

52. Two weights, 3 and 4, balance on the extremities of a lever 4 feet long ; 

find the fulcrum. / * 

53. Four weights, 1, 3, 7, 5, are placed nt equal distances or a straight lover. 
Determine the position of the fulcrum. 

54. Two men carry a weight of 2 cwt. hung on a pole, the ends of which rest * 
on their shoulders; what part of the load is borne by each man, the weight 
hanging 6 inches from the middle of the pole, the whole longth of which is 4 
feet? 

55. A beam, 18 feel long, is supported at both ends; a weight of 18 cwt. is 
eus^ended at 3 feet from one end, and a weight of 12 cwt. at 8 feet from the 
other end ; required the pressure at each point of support. 

56. A uniform beam, 40 feet in length, the weight of which is 4 cwt., is sup- 
ported by two props, A and B, 30 feet apart ; a weight ofg24 cwt. is then sus- 
pended on the beam at the distance of 10 feet from B, the beam projecting 8 
feet over the prop A, and 2 feet over that at B ; required the pressure on t&ch 
of the props. 

57. On a lever 3 feet in length a weight of 500 lbs. is suspended at one end, 
at 2| inches from its fulcrum ; what weight at the other end will keep the lever 
in equilibrium, the lever being assumed to be without weight? 

Wheel and Axle. 

68. A power of 10 lbs. on a wheel the diameter of which is 10 foet, balances 
% weight of 300 lbs. on the axle ; what is the diameter of the axle, the thickness 
of the rope on the wheel being one inch, and that of the rope on the axle two 
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59. A weight of 2240 lbs. is sustained by a rope of 2 inches in diameter, going 
round ax. axle 4 inches in diameter ; what weight must be suspended at the cir- 
cumference of a wheel — radius 6 feet — by a rope of the same thickness, to cbtain 
equilibrium ? 

60. In a combination of wheels and axles there are given the radii of the 
wheels, 20, 26, and 48 inches, and the radii of the pinions and axle, 4, 5, and 8 
inches. If a power of 1 cwt. be applied to the circumference of the first wheel, 
what weight will it be able to sustain at the circumference of the axle, or last 
shaft ? 

61. The number of teeth in each of three successive wheels is 144, and the 
number of teeth in each of the axles or pinions is 6 ; what weight will this ma- 
chine support on the last shaft with a power of 2 cwt. on the first wheel ? 

The Pulley. 

62. In a system of pulleys, such as is shown in fig. 76, the number of mov- 
able pulleys being 5 ; required the weight, the power being 600 lbs., and the 
weight of the movable block and pulleys being .‘10 lbs. 

63. What power at P, fig. 77, will bo required to balance a weight, W, of 3 
tons, the number and arrangement of the pulleys being as shown in the figure? 

Inclined Plane. 

64. What power acting as in fig. 79, will balance a weight of 300 lbs. on the 
inclined plane, the length of the plane being 25 feet, and the vertical height 
five feet ? 

65. On an inclined plane, whoso base is 10 feet and height 3 feet, what power 
acting parallel to the base will balance a weight of 2 tons ? 

66. What power iB required to draw a train of cars, weighing 40 tons, up a 
railway grade rising 1 foot in every 100 feet? 

\ The Screw. 

67. What weight can be raised by means of a sorew having its threads one 
' inch apart, by a power of 160 lbs. acting at a distance of 6 feet from the axis 

of the screw ? 

88. Supposing one-third of the power is lost in overcoming the friction of 
the screw, what power will be required, acting 3 feet from the axis of the screw* 
to raise 3 tons, the threads of the screw being 2 inches apart ? 

69. What power at the winch D, fig. 86, is required to raise a weight of 2 tons 
at Q, if the radius of the axle is 6 inches, the radius of the wheel 3 feet* the 
distance betwoen the threads of the screw part of the circumference of the 
wheel, and the leng^i of the winch DB™2 feet ? 

Resistance. 

70. If a mps of iron weighing 5 tons slides upon iron rails, wnat force is 
required to start it, and how much to keep it moving afterwards? 

71. If a steam vessel of 1000 tons is moved through the water at 10 miles an 
hour, by an engine of 300 horse-power, what is the power of an engine required 
to propel another vcsbcI, of the same model, of 2000 tons at the same speed ? 

72. If a ball, 6 inches in diameter, is discharged from a cannon at the 
rate of one mile in 7 seconds, how touch greater force would be required to 
throw a ball of double the weight with the same velocity, taking into account 
the resistance of the air and the dimensions of the balls ? 

78. If an engine of 500 horse power propels a vessel of 1500 tons 12 miles an 
hour, at what velocity will an engine of 600 horse-power propel a vessel of 2008 
tons* built on the same model as the preceding ? 



PART SECOND. 

THE THREE STATES OF MATTER. 


CHAPTER I. 

MOLECULAR FORCES. 

146. Cohesion and Repulsion. — The three states of matter (15)— 
the solid, liquid, and gaseous— exist, as iB assumed, in virtue of cer- 
tain forces inherent in the particles of matter, and cmled molecular 
farces . These forces are either attractive or repulsive , drawing the par- 
ticles of bodies toward each other, or tending to separate them. In 
solids the attractive force greatly overpowers the repulsive, and the 
particles of matter become therefore relatively fixed at certain distances 
from each other — not being in actual contact, but havifig, as we have 
seen (23), numerous pdles between them. Heat may enlarge and cold 
diminish these pores, and with them the sensible magnitude of the 
solid ; but the integral particles of the solid cannot 1^ separated with- 
out the exercise of some exterior and greater force. When the par- 
ticles of a body are not separated too far, they return again, upon 
the withdrawal of the constraining force, to their original position 
(Elasticity). This species of attraction existing between particles of 
the same kind is distinguished by tho term cohesion , and when existing 
between particles of an unlike kind, it is called adhesion . 

Repulsion. — If we admit, as the phenomena of porosity demand 
(23), that in spite of cohesive attraction, the particles of bodies do not 
actually touch each other, it follows that there must exist in the mole- 
cules of matter a second and coui terbalancing force opposed to cohesion 
12* * (109' 
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and — in solids — in equilibrium with it. This force is called repulsion. 
We shall presently revert to the evidence of its action on matter. 

While the existence of these two molecular forces is in many ca&cs 
capable of direct proof, the exact mode of their action is chiefly conjeo- 
tural. It is, however, certain that the attractive forces act only at inson* 
Bible distances. In this respect the molecular forces are to be distin* 
guished from gravitation, which acts at all distances. Chemical attraction 
is also distinguished from the mechanical forces of cohesion and adhesion, 
by the important fact that its exercise is invariably attended by the 
loss of specific identity (7), and, of course, by the substitution of new 
qualities in the compound for those characteristic of its constituents. 

Since the force of gravity is proportional to the mass, and inversely as 
the distance, if oohesion were merely the attraction of gravitation acting at 
insensible distances, the particles of a body situated at the centre of gravity of 
a large mass, should cohere more strongly than particles at a distance from the 
centre of gravity, or than the same particles when the mass is reduced to frag- 
ments, bnt no such difference has been observed, we must therefore conclude 
that gravity and cohesive attraction are essentially different forces. 


147. Examples of cohesion among solids. — Cohesion, when once 
destroyed by mechanical violence, is not usually brought into exercise 
again by mere contact of the separated particles. Thus the broken 
fragments of a glass vessel, or of a stone, do not reunite at ordinary 
temperatures. Two hemispheres of tarnished lead will not adhere by 
their flat surfaces by mere pres- 
sure, but if the coating of oxyd is 
first removed by a sharp knife, 
and the two clean surfaces are 
then pressed together, with a 
slight wrenching motio:. they 
will cohere strongly. Arranged 
as in fig. 92, two surfaces one 
inch in diameter will sustain ten 
pounds or more. This is only 
an example of welding at com- 
mon temperatures, a process suffi- 
ciently familiar in hot iron. Wax, 
dough, india rubber, and other 
similar substances, offer examples 
of a like nature, provided clean 
surfaces be pressed together. 

Dust, or other foreign bodies, 
prevent this iviion. Sven polished glAss plates, allowed to remain long 
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m contact, if perfectly clean, and under pressure, have been known to 
cohere so strongly as to separate by fracture in any other direction 
sooner than in the line of junction. Boyle demonstrated that this fact 
is not accounted for by attributing the action to atmospherio pressure. 
He suspended a pair of adhesion plates in the vacuum of an air-pump, 
where, in the absence of atmospheric pressure, it required still a con- 
siderable weight to detach the surfaces. 

Adhesion is distinguished from cohesion by the fact that while the 
latter ocours between particles of a like kind, producing homogeneous 
bodies, the former takes place between'particles of unlike kinds, pro- 
ducing heterogeneous bodies. Glue binding together pieces of wood is 
an example of adhesion. This species of mechanical attractibn is, 
however, seen in its most important relations in the curious phenomena 
of capillarity, to be discussed hereafter. 

The terms cohesion and adhesion are often used interchangeably, 
and, when the distinctions here pointed out are borne in mind, no evil 
will arise from this use of terms. 

The force of cohesion among the particles of solids, whon exerted 
under favorable conditions, produces the regular forms of crystals, to 
which wo shall presently revert. 

148. Cohesion in liquids and between liquid gases and 

solids. — The force of cohesion in liquids gives the spherical form to 
drops of rain and dew, and rounds the drop of water suspended from 
the end of a glass rod. If two drops of water or any other liquid 
approach each other near enough, they unite to form a larger spherical 
drop. A soap-bubble is only a large hollow sphere of water, whose 
outer film of liquid assumes and preserves its spherical form in virtue 
of cohesive attraction and the laws of liquid equi- 
librium. The soap, while it adds to tho viscous con- 
dition of the water, really diminishes its cohesive 
force, as was shown by PVof. Henry. The force of 
cohesion in water may be directly measured by sus- 
pending a counterpoised disk of glass or metal from 
a scale pan, fig. 92* adjusted to allow the disk just to 
touch the surface of the water. The weight required 
in the opposite pan, to separate the disk from the water, then becomes 
the measure of cohesion among the particles of water forming the outer 
airde of contact. 

By this means Gay Lussac found that a disk of 4*3G2 inches in 
diameter required 982 grains to separate it from water, while from 
alcohol (density 0*819) and spirits of turpentine, 478*83 and 525 
grains respectively, produced separation ; all being at the temperature 
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of 46° Fahr. The thickness and material of the disk male no difference 
in the result, showing that the force of cohesion was the only force to 
be overcome, and that this force was exerted at a distance less than the 
thickness of the film of liquid necessary to moisten the surface of the 
disk. It is also evident that the weights obtained do not represent the 
whole cohesive force in each case, since, from the circumstances of the 
trial, it can be only the outer circle of particles w r hose cohesion is over- 
come, and this being the largest circle, each succeeding row or line 
of particles yields readily to the same force. 

Between liquids and solids the force of adhesion is modified by the 
phenomena of capillarity and surface attraction. 

Between gases and solids cohesion is seen to exist when wo 
attempt to wet the polished surface of a steel blade, «or a clean surface 
of glass, with water. The liquid fails to wet the polished surface of the 
metal, &c., owing to the film of air adhering to it, due to the attraction 
of the solid for the air. If the blade is slightly heated, or its surface 
is roughened mechanically or by acids, this film of air is removed, and 
the blade is then wetted. (See Since’s battery : Electricity.) 

Gases do not manifest cohesion among themselves, because the repul- 
sive force overcomes it, but numerous examples of its exercise may be 
quoted besides that just named. The bubbles of gas escaping from 
aerated water adhere to the sides of a glass vessel from this cause. 
But above all is this seen in the power of recently ignited charcoal to ab- 
sorb and retain gases. "Owing to its numerous sensible pores, charcoal 
presents a very large surface in a small space. The more compact the 
wood the more numerous are those pores, and the more remarkable the 
consequent absorption of gas. Different gases are also very differently 
absorbed by it, depending on their condensibility and solubility. Thus, 
while only four or five volumes of common air are absorbed by charcoal, 
thirty volumes of carbonic'hcid, and eighty or ninety volumes of am- 
monia or chlorohydric acid gas, are absorbed by charcoal recently 
ignited. This curious and important property is easily illustrated over 
the mercurial trough, by using glass cylinders, filled with the various 
gases, to cover bits of charcoal placed on the mercury — the absorption 
ormmcncing at once and advancing gradually for some hours. 

We will consider the action of molecular forces, first, between mole 
culesof the same kind, and, second , when acting between molecules of 
unlike kinds, to which are referred tho phenomena of capillarity. 
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CHAPTER II. 

OF SOLIDS. 

MOLECULAR FORCES ACTING BETWEEN PARTICLES OF LIKE KINDS. 

i 1. Properties of Solids. 

149. The characteristic properties of solids, now to bo con 
sidered, are, 1. Crystalline Form ; 2. Elasticity ; 3. Resistance to Frac- 
ture (including Strength of Materials) ; 4. Hardness, and 5. Those 
properties dependent on a permanent change in the arrangement of the 
molecules — as Ductility, Malleability, Temper, &c. 

150. Structure of solids. — In solids the particles of matter are 
held in fixed relation to each other by the molecular forces (140). The 
relative disposition of the molecules, or of their groups, constitutes what 
is called structure in solids. This structure may be either symmetrical 
or regular , as in living beings and crystals, or amorphous , as in most 
rocks and many other substances. 

There exists in nature a plan, which cannot be mistaken, to combine 
matter in complete and symmetrical wholes. The bodies of animals 
consist, usually, of two equal, (or nearly equal), and similar sets of limbs 
and organs, one on the right and one on the left side. The organs of 
most flowering plants are similarly and regularly arranged in whorles of 
three members, as in the lily, or of Jive, as in the rose, or in some other 
simple numbers, and the same law is beautifully exemplified in the 
arrangement of the leaves and branches of all plants and trees ( phyllo- 
taxy ). In the animal and vegetable world, the laws which direct the 
aggregation of matter are those of Vitality, and it is observed that 
most of the forms thus produced are bounded by curved lines and 
surfaces. 

In the inorganic or lifeless world different laws arc in force, and in 
the production of solids the atoms, under favorable circumstances, 
arrange themselves in forms which are angular and bounded by plane 
surfaces. The geometrical forms thus produced arc analogous to the 
more complicated results of vitality as seen in animal and vegetable life. 
These forms are called crystals, and the laws governing the aggrega- 
tion of matter into such forms, are called the laws of crystallization . 

When solids are formed in a manner unfavorable to the regular 
action of the mV.ecular forces, the regular forms of crystals are not 
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produced, but a mass which has perhaps some traces of crystalline 
structure (as in marble), or which is entirely amorphous (152), -according 
as the act of solidification has been more or less disturbed. Thus, in 
granite we easily detect the crystalline structure of some of the con- 
stituents closely aggregated, while in slates and many mechanical 
rooks no traces of crystalline structure can be seen. 

% 2. Crystallography. 

151. Conditions of crystallization. — In order that crystals may 
form, it is a necessary condition that the molecules of the body to be 
crystallized should have freedom of motion among themselves, and 
ample time to arrange themselves in accordance with the force of crys- 
tallogenic attraction. These conditions may be met in either of the 
following methods: 1. By solution; 2. By fusion; 3. By sublimation 
or evaporation ; or, 4. By electrical or chemical decomposition. 

(a) By solution . — Many solids dissolve in water ; thus most salts, as 
. common salt, Epsom salts, saltpetre, borax, alum, &c., form a clear 

solution in water, in which all crystalline attractions are subordinated, 
until by gradual evaporation, or by cooling from a saturated hot solu- 
tion, the several salts reappear, each in its own appropriate form. 
Sulphur and phosphorus also, dissolved by heat in bisulphid of carbon, 
crystallize by the cooling of the solution. Some substances are equally 
soluble in cold or in hot water, and crystals are obtained from their 
solutions only\by evaporation, with or without the aid of heat. 

Common salt is an example of such a substance; when 93 

.evaporated very gently, as by solar heat, perfect cubes 
are formed; if rapidly, as by firo, a confused mass of 
irregular crystalline grains result. SometHhes the float- 
ing crystals, as they grow in weight continually, but 
slowly, sink, giving rise to the curious hopper-shaped 
forms seon in fig. 93. 

Alumina dissolves in melted boracic acid, and the solution, exposed 
for a time to the highest heat of a porcelain furnace, loses the boradfc 
aoid slowly by evaporation, and the alumina crystallizes as rubies or 
sapphires. Many other gems have thus been obtained, of microseopio 
size, by M. Ebleman, by solution in boracic or phosphoric acids, or 
their salts, at a high heat. 

(b) By fusion .— By melting sulphur, bismuth, and many other sub- 
stances, in crucibles, and allowing them to cool very slowly ; when a 
crust has formed on the surface it is pierced, aud the contents remain- 
ing fluid are turned out, the interior cavity is found lined with crystals 
of the substance experimented on. 

(c) By sublimation .— By beat many substances rise in vapor, and on 



crystallography. 


115 


•jooling again, in a proper receptacle, assume their appropriate crystal- 
line forms — camphor, sulphur, arsenious acid, iodine, arsenic, sal-am- 
moniac, &c., can be thus crystallized 

(ti) By electrical or chemical decomposition. — By adding to a solution 
of some substances some other dissolved body, which causos the first 
to become insoluble, a crystalline powder often falls (this is true in 
most cases of precipitation), due to the formation of a new compound, 
of a less solubility than either of the substances employed. The crystals 
of metals, e. g. of copper, gold, silver, &c., are easily formed by the 
processes of electro-metallurgy. 

152. Amorphiam. — Amorphism is that state of a solid in which 
there is no trace of a crystalline structure ; examples of such a state 
are seen in common glass, gun-flint, wax, obsidian, sugar-candy, &c. 
An amorphous body, having no planes of cleavage, is broken in one 
direction as easily as in another. Bodies are generally more soluble, 
less hard and dense, in the amorphous than in the crystalline state. 

An amorphous body may be produced in a number of ways ; for 
example, by fusion, as in the case of glass ; by evaporation of solu- 
tions, as those of the gums and glue in water ; and by precipitation 
from their solutions, as is the case with alumina and phosphate of lime. 

The property of toughness, seen, as for example, in emery (amorphous corun- 
dum), and horn-stone (amorphous quartz), is much more highly developed in 
the amorphous than in the crystalline varieties of these minerals. 


153. Crystalline forms. Definitions. — The crystalline forms 
assumed by the same substance are, with certain limitations, always 
the same ; depending on the najpre of the substance, and are therefore 
essential forms. The study of these forms and the laws of crystallogeny, 
reveal to us all that we know of the ultimate forms of matter. 

A crystal is a polyhedron, and the terms of solid geometry are UBed 
in crystallography without change. 

# 94 Replacement. — An edge or angle is 94 * 



replaced when cut off by one or more 
secondary planes. Fig. 94, 1 1 . 

Truncation. — An edge or angle is 
truncated when the replacing plane is 
equally inclined to the adjacent faces. 
Fig. 94. 



Bevdment . — An edge is beveled when replaced by two planes which 
are respectively inclined at equal angles to the adjacent faces i 2 i 2, fig. 
94*. Truncation and bevelment can only occur oa edges formed by the 
meeting of equal planes. 




116 


THE THREE STATES 0E MATTER. 


The axes of a crystal are imaginary lines passing through its centre,* 
and about which two or more faces are symmetrically arranged. They 
connect either the centres of opposite faces, fig. 95, or edges, fig. 96, or 
the apices of opposite solid angles, fig. 97, or of both edges and angles, 
fig. 98. 



Three axes are employed for the different systems in crystallography 
(excepting the sixth, fig. 114), whose length may be equal, or only two 
alike, or all unequal ; they may also be at right angles to each other, or 
oblique. 

A prism is a column having any number of sides. In crystal- 
lography we have four and six-sided prisms, which may be either right 
prisms, that is, erect ; or oblique prisms, that is, inclined. 

Four-sided prisms occur of a number of kinds ; their bases may be 
either square, rectangular, rhombic, or rhomboidal. If the base is a 
square, or a rectangle, and the prism erect, the eight solid angles are 
equal and rectangular; the edges are twelve, and may vary; for 
example, 

A cube is bounded by six equal sid^l (the lateral sides being equal 
to the bases), and the twelve edges are all equal, fig. 95. 
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A right square prism, fig. 99, has a square base and a height which 
may be either greater or less than its breadth ; its sides are equal 
rectangles, the eight basal edges (four at each base) are equal to each 
other, but differ from the four lateral edges. 

A right rectangular prism, fig. 100, has a rectangular base, and sides 
also reotangular, the opposites only equal ; two edges at each base dif- 
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.fer from the other tw while the lateral edges are also different; henoe 
there are three sets of edges, four in each set. 

The base may also be a rhomb or rhomboid. 

A right rhombic prism , fig. 101, has a varying height and a rhomhio 
base. Its plane angles are two obtuse and two acute, with correspond* 
ing solid angles and lateral edges ; the four lateral faces are rectangles, 
and, like the basal edges, are equal. 

101 102 108 



An oblique rhombic prism , figs. 102, 103 (fig. 102 a front view, and 
«g. 103 a side view) ; has a rhombic base and a varying height, the 
lateral faces are rhomboids. The lateral edges, like the basal edges, 
have two acute and two obtuse angles. When the height is equal to 
the breadth the form is : — 

A rhombohedron, fig. 98, composed of six equal rhombic faces. 

A right rhomboidal prism has a rhomboidal base and a varying 
neight, only the two opposite sides and angles are equal, the lateral 
rectangular faces correspond to the basal edges ; the opposites only aro 
equal. This form is similar to fig. 101. 

An oblique rhomboidal prism , fig. 104, has a rhomboidal base and a 
varying height. The lateral fadft* are rhomboids. The edges of each 
base are of four kinds ; for two opposite are longer than the other two, 
and of each pair, one is obtuse and the other acute. In this solid, 
therefore, only diagonally opposite edges are similar , and only opposite 
■olid angles are equal. 


104 105 106 



.4ft hexagonal prism , fig. 105, is an erect six-sided prism. 

An octahedron has eight triangular faces ; its form is like two four 
elded pyramids 'ini ted base to base. Three octahedrons are described 
18 
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The regular octahedron , fig. 106, has a square base and eight faces, 
equilateral triangles ; its solid angles are six, and equal, as also are its 
twelve edges. The plane angles are 60°, the interfacial angles are 
109° 28' 16" ; this solid is symmetrical, like the cube. 

The right square octahedron , fig. 107, has a square base, but a verti- 
cal height, greater or less than in the regular octahedron. Its faces 
are equal isosceles triangles. Its basal edges are equal and similar, 
but they differ in length from the eight equal pyramidal edges. The 
vertical solid angles differ from the basal 
The right rhombic octahedron , fig. 108, has a rhombic base and a 
varying height; its faces are equal triangles; the basal edges are 
equal ; the plane angles of the base and the pyramidal edges are of 
two kinds, two obtuse and two acute. 



The rhombic dodecahedron , fig. 109, is bounded by twelve equal 
rhombs ; it has twenty-four similar edges, and fourteen solid angles ; 
they are of two kinds : Eight obtuse, formed by the meeting of three 
obtuse plane angles, and six acute, formed by the meeting of four acute 
plane angles. 

154. Systems of crystals. — There are six systems of axes, pro- 
ducing the same numbei if systems of crystalline forms, by the sym- 
metrical arrangement of planes about these axes. They are called the 
^ monometric, dimetrie, trimetric, monoclinic, triclinic, and hexagonal 
systems. 

(a) The monometric system (from monos , one, and metron , measure), 
Includes the cube, fig. 95, the regular octahedron, fig. 106, and rhombic 
dodecahedron, fig. 109. Each of these forms is perfectly symmetrical, 

B. — In studying th is subject, the pupil will find it of the greatest assist- 
ance to his easy comprehension of the forms mentioned, to produce them with 
a knife , from some soft substance like a turnip or a potato, which are more 
easily managed than chalk or wood, and neater than clay. Sets of crystalline 
forms and cards, with the outlines of the various forms prepared for cutting 
up, are furnished cheaply by the German chemical dealers, for the nee of 
schools. 
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being equal in height, length, and breadth. Their axes are throe in 
number, of equal length, and at right angles to eaclyither. In the 
cube, the axes connect the centres of opposite faces, in the octahedron, 
the apices of opposite solid angles, and in the dodecahedron, the apiece 
rf opposite acute solid angles. The relation of the axes in these solids 
to each other, may be understood by deriving one form from the other. 
If in the cube (its faces are indicated by o) we truncate each of its 
eight solid angles, fig. 110 is first produced, and as the truncation pro- 
ceeds, fig. Ill, and finally a perfect octahedron. It will be noticed that 
the centres of o, the ends of the axes in the cube, correspond to the 
apioee of the solid angles in the octahedron, which are also the ends 
of axes. 

110 111 


(b) The dimetric system (from d is, two-fold, and metron , measure), 

includes the square prism, fig. 99, and square octa- 112 

bedron, fig. 107, bearing the same relation to each other 
as the cube does to the regular octahedron. In this 
system there are three axes, all at right angles to each 
other, but ouly the two lateral are equal, the third, or 
vertical axis, being of \ (trying length. In the prism, 
the axes connect the centres of opposito faces, in the 
octahedron the apices of opposite solid angles. If a square prism 
has each of its solid angles truncated, we shall have first, fig. 112, and, 
finally, the square octahedron is produced. 

(c) The trimetric system (from iris, three-fold, and metron , measure), 
includes the rectangular prism, fig. 100 , the rhombic prism, fig. 101, 
and the rhombic octahedron, fig. 108. Each of these forms has its 
three axes at right angles to each other, and all are unequal in length. 
In a rectangular prism (the base a rectangle), the axes connect the 
centres of opposite faces. In the rhombic prism (base a rhomb), the 
vertical axis connects the centres of the bases, the two lateral axes con- 
nect the centres of opposite edges. In the rhombic octahedron (base 
a rhomb) the axes connect the apices of opposite solid angles. 

(d) The monoclinic system (from monos , one, and klino , to incline), 
includes the right rhomboi lal prism, fig. 101, and the oblique rhombic 
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prism, fig. 102. In this system the three axes are unequal, the tWl 
lateral axes ar^at right angles with one another, the vertical is inclined 
to one of the lateral axes and at right angles with 
the other. In the right rhomboidal prism the axes 
oonnect the centres of opposite faces. In the oblique 
rhombic prism the vertical axis connects the centres 
of the bases, and the two lateral axes, the oentres of 
opposite lateral edges. The truncation of the lateral 
edges of one prism finally produces the other. The 
relation of these prisms to each other is seen in fig. 103. 

(e) The triclinic system (from tris, three, and klino, to incline), 
includes the oblique rhomboidal prism, fig. 104. All the axes are un- 
equal and oblique, the vertical axis connects the centres of the bases ; 
the lateral axes connect the centres of the lateral edges. 

(/) The hexagonal system includes the hexagonal 114 

prism, fig. 105, and rhornbohedron, fig. 114. In the 
hexagonal prism, fig. 105, the vertical axis connects 
the centres of the bases, the three lateral axes connect 
the centres of opposite lateral faces or edges, and cross 
each other at an angle of G0°, at right angles to the 
vertical axis. 

In tho rhornbohedron, two diagonally opposite solid angles consist of three 
equal obtuso or three equal acute plane angles ; the diagonal connecting these 
solid angles is called tho vertical axis; placed with this axiB in a vertical posi- 
tion, tho rhornbohedron is said to be in position, and looking from above, it 
will bo noticed that the lateral edges are at an equal distance from the vertical 
axis; the three lateral axes connect the centres of the lateral edges intersecting 
each other, us do the lateral "axes of the hexagonal prism, at an angle of 60°. 
Placing the rhornbohedron in position, if we remove the six lateral edges, ro- 
placing them by pianos pa. Uel to the vertical axis, there is 
produced a regular hexagonal prism, terminated by three-sided 
pyramids. If their verticul solid angles are also removed tho 
rogular hexagonal prism results. If we remove from an hex- 
agonal prism three ulteruato basal edges, and at the other ex- 
tremity also, three edges, alternating with the first, as shown 
in fig. 115, and continue the removal until the original form 
is obliterated, a rhornbohedron is produced ; it also results by 
removing, in a corresponding manner, the alternate solid 
angles frqm the hexagonal prism. When the plane angles forming the vertical 
| olid angles are obtuse, the rhornbohedron is called obtuse, and if acute, the 
solid is called an acute rhornbohedron. 

155. Modified forms. — If bodies in crystallizing assumed only the 
fundamental forms, there would be but comparatively little variety 
and beauty in crystalline solids ; it is to the modification of the funda* 
mental forms that we owe that endless variety of crystalline figures 
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which we observe in nature, and that are produced in the laboratory. 
These modified forms are called secondary or derivative fi rms, and are 
produced by the replacing of the edges and angles of tho fundamental 
forms by planes, which are called secondary planes. The modifica- 
tions of crystals take place according to two simple laws. 

1st All the similar parts of a crystal may he simultaneously and smi> 
larly modified . The forms thus resulting are called holohedral forme 
(from holes , whole, and edra, face). 

2d. Half the similar parts of a crystal may be simultaneously and 
similarly modified. The forms thus resulting are called hemihpdral 
forms (from hemisa , half, and edra , face). 

[It Is beyond the design of this elementary work to enter into more detail 
concerning the different systems of crystallography, and of modified forms. 
For further information the student is referred to Dana's Mineralogy, from 
whioh, by permission, this chapter has been condensed.] 

156. Compound crystals. — Sometimes we find two or more crystals 
united regularly and symmetrically together. The form, if composed 
of two individuals, is called a twin crystal. Fig. 116 is a simple crystal 
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of gypsum ; if it be bisected along the imaginary line a 6, and the 
right half be inverted and applied to the other half, it will form fig. 
117. If an octahedron, as fig. 118, be bisected through the dotted line, 

120 121 



and the upper half revolved half way around be then united to the 
lower, it produces fig. 110. Botl figs. 117 and 119 are twin crystals. 
IS* 
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Tho imaginary axis, on which the revolution of Half the crystal is 
made, is termed the axis of revolution and the imaginary section, the 
plane of revolution. Compound crystals, composed of more than two 
individuals, are frequently observed, as in the case of the snow-flake, a 
not unusual form of which is represented by fig. 120, composed of six 
crystals meeting at a point, or of three crossing each other at an angle 
of 60°. Fig. 121 represents a compound crystal of ohrysoberyl, 

157. Cleavage. — By the application of mechanical force to crystals 
we observe that they often split in certain directions, leaving even and 
polished surfaces. The production of such surfaces, in causing th6 
separation of the particles of the crystals, is called their cleavage ; the 
planes along which the separation takes place are called cleavage joints. 
Cleavage is often obtained with great ease, as, for example, with mica, 
which may be separated by means ,of the fingers into thin leaves. 
Galena, also, cleaves easily, and as the three cleavage planes are at 
right angles to each other, a cube results. Calc spar splits in three 
oblique directions, and thus a rhombohedron is obtained ; while in fluor 
Bpar a cleavage of its solid angles produces an octahedron. The cleav- 
age of many crystals is obtained with great difficulty, as, for example, 
in quartz and tourmaline ; in others no cleavage can be produced, 
owing to the strong cohesion among the laminm. In some crystals but 
one cleavage is visible, as with mica ; several have two ; others three, 
as galena and calc spar ; fluor spar has four, blende has six, while 
others have even more. Wo obtain, by the cleavage of a crystal, some 
one of the thirteen fundamental forms. Varieties of the same mineral 
have the same cleavage. Cleavage occurs parallel to the faces of the 
fundamental form, or along the diagonals ; the facility of cleavage and 
lustre of the surfaces is always the same, parallel to similar faces. 

158. Determination 'f crystalline forms. — In order to determine 
a crystal, it is essential to refer it to the system to which it belongs, 
and to determine the simple forms of which it consists, with the rela- 
tive lengths and inclination of the axis. 

§3. Elasticity. 

159. Elasticity of solids. — Elasticity, already mentioned as one 
of the properties of matter, has a peculiar importance in solids, because 
It ie itself a moving force, and serves to measure the intensity of 
ome r forces. All bodies offer a resistance to compression and ex- 
tension, which is due to elasticity. It is shown in the effort of a com- 
pressed spring, or a bent bow, to lecover from its forced state of 

Tension, flexure, and torsion are also at once evidence and measures 
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of the force of elasticity in solids ; while in fluids compression U the only 
evidence of its presence, and hence compressibility alone is a general 
property of matter. 

Every body has a limit of elasticity beyond which it o&nnot be car- 
ried without a permanent derangement of its particles, or fracture. A 
perfectly elastic body is one which returns completely to its original 
form when pressure is removed ; and every body does this, eaoh within 
its own limit of elasticity. Hence every body may, in a restricted sense, 
be said to be perfectly elastio. The return of an elastic body to its 
primitive position is usually made with several oscillations, called oscil- 
lations of elasticity. This is familiarly seen in the recoil of a bent blade 
or spring of steel. 

It is evident that in bending the steel its moleeules are deranged from their 
position of equilibrium by compression on one side and extension on the other, 
and that it is the force with which they tend to replaoo themselves which pro- 
duces the elasticity of tbo blade. 

There is a similar, although less perceptible, change of figure in an ivory ball, 
which, dropped upon a bard surface, will rebound nearly to the hoight from 
which it foil. It does not immediately recover its spherical shape, but is for 
several times, alternately, an oblate and prolate spheroid. 

160. Elasticity of tension and compression. — By tension is to 
be understood the action of a force exerted in tho direction of the length, 
of a wire, for example. The laws of elasticity of tension have been ex- 
perimentally deduced, by suspending weights from the }ower end of a 
rod or wire, sustained at top by a firm support. The elongation occa- 
sioned by each addition of weight is measured by a telescope mounted 
on a graduated bar, parallel to the wire (the apparatus is called a 
caiheiomeier). If the limit of elasticity is not passed, tho rod.or wire 
returns to its original length on removing the weights ; but if the strain 
is (Continued too long, or too great a tension is brought to bear, a per- 
manent change of length results. When the limits of elasticity arc not 
passed, the following laws are developed by this mode of experiment. 

1. For the same substance the elongation caused by each unit of tension 
is the same , whatever may have been the original tension. Thus, with a 
wire loaded with ten or twenty pounds, the elongation for each succes- 
sive pound is the same as for the first pound. 

2. The elongation is proportional to the tension employed. This fc Hows 
from the first law, and signifies that if the rod or wire is elongated one 
unit by one pound, it will he elongated ten units by ten pounds, &c. 

3. The elongation with a given tension is proportional to the length of 
the rod. That is to say, if a rod of a given length is elongated a unit 
of length by a given tension, a rod two units long is elongated twice as 
much by the Bame tension. 
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4. The elongation is inversely proportional to the area of the section of 
the rod. That is, if of two rods of the same substance, of equal length, 
and subject to the same tension, one has twice the area of the other, it 
will be elongated only half as much. 

Experiment has shown that in the case of the compression of a metallic 
bar, or rod, in the direction of its length, by an endwise force, the bar 
is shortened just as much as it would be lengthened if the same forco 
had been used to stretch it. Hence the laws for the elasticity of com- 
pression are quite the same with those for tension. 

These laws may be demonstrated mathematically as well as experi- 
mentally, but it is not requisite here that we should do more than 
enunciate and illustrate them. 

161. Coefficient of elasticity. — From the laws of elasticity, of 
tension, and compression, just enunciated, it follows that the elongation 
(?) of a given rod is proportional to a constant quantity, C> depending 
on 4 the nature qf the substance ; secondly, to the weight, W f by which 
it is stretched; thirdly, to its length, L\ and, fourthly, that it is 
inversely proportional to the area of its section, S : t. e. 


hence, 


l=C. 


W.L. 


S 5 




in 

C= 


Patting K- — in these equations, they become 

, 1 WL v LW 

1 = ~K iS ’ otK =-W 

If in the last equation we make ?=■=£, and S = 1, it becomes JT = FFI 

The quantity K is called the coefficient of elasticity . In other words, 
the coeflicient of elasticity, in any homogeneous substance, is equal to 
the weight required to double the length of a bar of that substance 
having a given area, assuming such an elongation physically possible, 
which it is not, unless in the case of caoutchouc. 

We are indelned to Wertheim for most of our experimental knowledge 
of this subject. The following table shows the mean coefficient of elas- 
tioity of a number of metals, as deduced by him, with various weights, 
at different temperatures, from 1° to 392° Fahrenheit. 
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elasticity of tension and compression. For the molecules on the upper 
side of the curve are extended, while those on its under side are com- 
pressed, and the united effort of ^ 

these two forces — whi^i are equal — 
is tc restore the beam to its first 
position. The conversion of a 
straight line into a curve, as in this 
case, is also accompanied by a dis- 
turbance in the equilibrium of the molecules, independent of the 
change duo to their separation and compression ; and such a change 
develops elasticity. 

The law* of elasticity of flexure are comprised in the following formulae : 

Wl 8 JJabd* 



In which a is the arc 7? JV, described by tbe flexure ; IK, is the flexing weight 
acting in a perpendicular; b, the horizontal breadth of the bar ; d, its thickness; 
l f tlio length of the bar, and />, a constant quantity, depending on the nature of 
the substance used. If in the above we make cnch of the quantities o, b, d, and 
l, equal unity, it follows that V> - W T , or 1>, is a weight which will bend a given 
bar one unit long, and of a given diameter (say one centimetre), through a unit 
of arc (say one degree). This quantity, /), is called the coefficient of claHt icily 
of flexure, and in any case the value of n, b, d, and f , being known experi- 
mentally, the value of I) is readily ascertained by calculation. 

If a beam is supported at its two extremities, A, B, fig. 1211, and the weight ia 
applied in the middle, the formula boeomos 

16/>«6rf 8 

. (2.) W - — , where a is the flexure and l the distance 

from the supports. 
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The following laws are deduced from the first formula: 

1. The displacement of the free end of the bar is proportional to the 
toad . 

This is equally evident from the experiments of Coulomb and from 
an analysis of the isochronism of the oscillations accompanying the 
effort to restore the equilibrium. 

2. The load requisite to produce a given flexure is proportional to the 

i of the beam or bar . 
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This is evident it' we consider a beam two or three times as broad, 
eompo8ed of two or three separate beams, each requiring the same load 
as the first bar to flex it through the same arc. 

3. The load is also proportional to the cube of thc%cpth or thickness of 
the bar . 

4 The load is in the inverse ratio of the cube of the length of the bar. 

If the section of the beam is not a rectangle, with one side perpen- 
diculai to the direction of the flexing, force, these laws cannot he 
directi/ applied. It is assumed in all the cases that the bar returns to 
its first position when left to itself; or, in other words, that the pressure 
has not exceeded the limit of elasticity. 

Applications. — Constant use is made of the elasticity of flexure. 
The dynamometer of Keynier has already been named (37). Springs 
«»f all kinds, for balances, carriages, time-pieces, bows, Ac., employ this 
agency. The aneroid barometer of Vidi, and the metallic manometer 
and thermometer of Bourdon are familiar and most useful applications 
of this force. 

1G3. M. Bourdon's metallic barometer. — M. Bourdon, of Paris* 
has applied the principle of elas- 
ticity of flexure to the construction 
of a metallic barometer, which, with 
great simplicity of construction, has 
all the advantages of the aneroid. 

The essential part of the instrument, 
fig. 124, consists of a very thin and 
elastic brass tube, A, beut into the 
form of an arc of a circle, whose cross 
section is a flattened ellipse, with 
its longer diameter perpendicular 
to the plane of curvature. This tube, 
exhausted of air, and hermetically 
closed, is attached only at its centre, 
so that the ends are free to move. 

With a diminished atmospheric pres- 
aure, the ends separate from each other. If the atmospheric pressure 
increases, the ends come nearer together. By means of the metallie 
wires, a, b, and the spring, c, these movements of the ends of the tube 
are communicated to a needle moving over a graduated plate. 

The same principle Bourdon has applied to the construction ot 
manometers for locomotives and other steam-boilers, which are now 
extensively used in all countries. 
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164. The aneroid barometer.* — The construction of this instru- 
ment, invented by Yidi, of Paris, depends upon the elasticity of flexure. 
Being of small size, and containing no 
mercury, it is very portable, and it gives 
results sufficiently accurate for all ordinary 
purposes. It consists of a circular copper 
box, the cover of which is very thin, and 
hermetically sealed, after the air is partly 
exhausted from its interior. Ttois chest is 
contained in an outer case, fig. 125, about 
four inches in diameter, and which has a 
dial-plate like that of a watch. Variations 
in the pressure of the atmosphere will 

«cause the cover of the exhausted box to 
move with the change of tension. By 
meaus of a combination of levers and springs, the movements of the 
centre of this cover are communicated to a pointer which moves over 
the graduated plate. 

Fig. 126 shows the intorior construction of this instrument. To the cover M 
of the exhausted box, are attached two 

uprights, S, which act upon a lever, P, J 20 

by means of a pin uniting them. This 
lover, P, is attached to a bar, moving 
freely on two pivots placed at its #k- 
tremities. A lever, II, unites the har, 

K, to the plate, A, pressing on two 
springs, D. By means of a spring, 
represented on the side of the figure, the 
rod E, in connection with A, commu- 
nicates movement to the bent lever, 11, 
causing a metallic wiro to uncoil itself 
firom the axis, 0, of the pointer, thus 
transmitting to it the movement. 

Excellent aneroid barometers are now made at Lebanon Spa, N. Y., by R 
Kendall, at a moderate eost. 

The theory of the barometer and the mode of observing atmospheric 
pressure with the aneroid barometei, is explained in the chapter on 
gases. 

165. Elasticity of torsion.— When a metallic rod or wire is twisted 
by a force applied at one extremity, while the other remains fixed, it 
has a constant tendency to return to its first position, and if thq#force 




• Aneroid is derived from the Greek alpha (a), privative, and ipfa* to flow 
fa barometer without a fluid), in allusion to the absence of quicksilver. 
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is withdrawn, when left to itself, the wire makes a number of oscilla 
tione before it comes to a state of rest. 


We can easily see how torsion is developed from elasticity. Lot a 6, fig, 127* 
be a metallic wiro, made tcnso by a weight, W, antf 1 127 

twisted by a force applied at d, acting in a circle of 
which d b is the radius. Let m n represent an enlarged 
view of a row of molecules on the surface of the wire 
parallel to the axis. If the length of the wiro remains 
unchanged during torsion, and the line m n takes the 
position of the spiral m tt', it is evident that the distances 
between the molecules in this line must be increased. The 
elasticity of torsion, therefore, depends upon the force 
with which the particles tend to preserve their respective 
distances from each other. By the same force with which 
the molecules on the surface of the wiro tend to resist 
separation, the molecules in the axis of the wiro are com- 
pressed, nnd there is a tendency to diminish tho length 
of the wiro. Torsion, therefore, tends to separate the 
molecules on tho surface of tho wire, and to compress 
those situated in the axis. 

Tho angle of torsion is the angular distance, 
d bd', through which the movable end of the wire is 
rotated about its axis. Tho force of torsion is tho power applied at the 
extremity of a lever whose length is unity, placed perpendicular to 
the axis of the wire, to produce tho deviation indicated by the angle 
of torsion ; this force is called the coefficient of torsion. • 

160. Coulomb’s laws of torsion, — For our knowledge of the laws 
of torsion we are indebted to Coulomb, who has reduced these laws to 
the following formula : 



* or>(2 ) f 


When a cylindrical weight, W, is suspended to a wire, as shown in 
fig. 127, so that its axis corresponds with the uxis of the wire, W is the 
suspended weight, a its radius, g the accelerating force of gravity (71), 
f the coefficient of torsion for the extended wire, and 1 1 he timeDf an 
oscillation when the force, of torsion is removed, and tho wire is left 
free to vibrate. The following laws were deduced by Coulomb from 
the preceding formula: 

(1.) The force of torsion is proportional to the angle of torsion. 

^jjljnrove this law, Coulomb caused the weight to oscillate around its axle by 
the torsion of the wire, and found that the tines of oscillation were the same 
whatever their amplitude. This result corresponds with the formula in which 
the time of oscillation is independent of the amplitude. 

Based upon this law, Coulomb invented a very delicate tortion balance whloh 
14 
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bars his name. This instrument will be described when speaking of its use ia 
electrical experiments ( 820 ). 

(2.) The force of torsion remains the same whatever maybe the tension 
of the wire . 

Experiments prove that the squares of the times of oscillation are proporticual 

W 

to the weights employed, whence it follows that in formula (2), is constant 

whatever may be the value of W, therefore it is evident from the formula that 
tho coefficient of torsion, /, is constant, and that the force of torsion agrees 
with the preceding law. 

• (3.) The coefficient of torsion is inversely proportional to the length of 
the wire. 

Experiments prove that the square of the time of oscillation is proportional to 
the length of the wire, and the formula shows that / is inversely proportional 
to t a , therefore it must also be inversely proportional to the length of tho wire. 

(4/) The coefficient of torsion is proportional to the fourth power of the 
liameter of the wire. 

According to experiment, the time of oscillation is inversely proportional to 
tho square of the diameter, and the formula shows that the coefficient of torsion 
is inversely proportional to the square of the time of oscillation, hence the 
coefficient of torsion is proportional to tho fourth power of the diameter of the 
wire. 

1G7. Torsion of rigid bars. — Savart found by experiment that the 
laws of Coulomb, which had been previously determined for flexible 
wires of cylindrical form, were equally applicable to rigid bars of 
brass, copper, glass, or wood, whether the sections were circular, 
square, rectangular, or triangular, provided that comparisons were 
made only between bars of the same form. 

More recently Poisson has demonstrated these laws, in case of cylindrical 
rods, by means of the calculus, and M. Cauchy has obtained the same result by 
the calculus for bars having a rectangular section. 

16y. Limit of elasticity. — When a wire or rod has been stretched 
by a*woight which is very great in proportion to the diameter of the 
wire or rod, the elongation and the diminution of diameter do not 
entirely disappear when the tension is removed. The bar is then said 
to have been forced , or to have been stretched beyond its limit of elasti- 
city. ^Similar effects are seen when elasticity has been developed by 
compression, flexion, or torsion. 

These results are explained by supposing that the molccules4bm* 
posing the wire or rou have been forced into new relations with each 
other, bo that elasticity no longer acts on all the particles in the same 
direction as before# and therefore a permanent change of form is 
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developed. It Allows, therefore, that after a rod or wire has thus been 
forced, there should be a new state of elasticity similar to the first ; and, 
such experiment shows to be the case. 

If a degree of tension, sufficient to produce permanent elongation, 
acts for a long time, a rod will be gradually drawn out into wire. 

M. Yieat has observed a wire, placed where it was free from any sudden shook, 
extended by a weight exceeding its limit of elasticity (equal to about one-third 
what would bo required to produce instautaneous rupture), and which continued 
to be elongated for years without attaining its limit of extension. 

Thin plates of glass or stool placed obliquely, or supported only at tho ends, 
will, after a time, contract a permanent curvature. 

The limit of elasticity is rapidly diminished by heat. 

At temperatures of 59° F., 212° F., and 392° F., Worthoim found that the 
limits of elasticity for copper varied as tho numbers 3, 2, 1 ; and for platinum 
as 14$, 13, 11$. Annealing diminishes the limits of elasticity, hut Wertlieim 
found that a temperature of 392° F. made no sensible difference in the elasticity 
of those metals which had been previously annealed. 

169. Change of density produced by tension. — In general, 
metals that are forced by excessive tension increase in density by a 
lateral approach of their molecules, hut the contrary effect is produced 
by tension in bars of iron or lead. Annealing restores the density of 
metals which have beon forced by tension. 

\ 4. Strength of Materials. 

• 

170. Laws of tenacity. — The absoluto strength or tenacity of a 
body is its power of resisting a force applied in the direction of its 
length, and tending to draw it asunder. The following are the laws of 
tenacity : 

1st. The tenacity of a bar , or rod , or the resistance it is able to sustain , 
is proportional to the area of its transrerse section. 

2d. The tenacity is independent of the length of the bars. 

The resistance which a rod can sustain is evidently proportional to the 
transverse section of the body, for tho cohesion of two, throe, or four times as 
many particles must be destroyed, if the area of the section is increased two, 
three, or four times. If a wire supports a certain weight, two such wires, or 
one of double size of the same quality, will support a double weight. Tenacity 
is not modified by length, except that the probability of casual defects increases 
with the length. Tenacity is measured experimentally by securing one eritf of 
the body to a fixed point, and banging gradually increasing weights to the other, 
until broken. The breaking weight measures the absolute strength. Tc 
compare the strength of different bodies, we must assume a unit of area ; the 
one usually chosen is one square inch. 

The following table gives the absolute strength of some of the more 
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important bodies, expressed in pounds, for one squareginch area of the 
.transverse section. 


1st Metals : — 


2d. Woods : — 


Steel untempered, 


110,690—127,094 

Sycamore, 

. . . . 9,630 

.... 12,225 
.... 9,720—15,040 

** tempered, . 


114,794—153,741 

Elm, . . 

u cast, . . 


134,256 

Larch, 

.... 12,240 

Iron, bar, . . . 


53,182— 84,611 

Oak, • . . 

.... 10^367—25,851 

“ wire, . . 


58,730—112,905 

Box, . . 

.... 34,210 — 24,043 

“ cast, . . 


16,243— 19,464 

Ash, . . 

.... 13,480— 23,455 

Silver, cast, . . 


40,997 

Pine, . . 

.... 10,038—14,965 

Copper, “ . . 


20,320— 37,380 

Fir, . . 

. . . . 6,991—12,876 

IJrass, “ . . 

“ wire, . . 


17,947 — 19,472 
47, 114— 58,931 

3d. Cords : — 

Gold, .... 


20,-190 — 65,237 

Hemp twisted, £ to 1 inch, . . 8,746 

Tin, cast, . . . 


4,736 

u it 

1— 3 “ . . 6,800 

Zinc, .... 


2,820 

u u 

3—5 “ . . 5,345 

Lead 


887— 1.824 

a u 

5—7 “ . . 4,860 


Wrought metals are more tenacious than cast, and alloys are sometimes 
stronger than either of their constituents. The strength of metuls, as a rule, 
diminishes as thoy are heated ; and sudden, frequent, and extreme changes of 
temperature always impair tenacity. 

Johnson's results. — From an extensive series of carefully conducted 
experiments, the late Professor Walter R. Johnson ascertained that, if 
either bars or plates of malleable iron are subjected to a*high degree of 
tension, whilst heated to 550° or 000° F., and are then gradually cooled, 
the maximum tenacity of the iron is seasibly increased over fifteen 
(15 tV 0 ) per cent. From the maximum thus obtained, the tenacity 
gradually diminishes by beating, but the tenacity will remain greater 
than before the first heating, unless the temperature is raised above 
700° F. (Report to Franklin Institute on strength of materials for 
Steam-boilers, 1837.) 

The strength of cords is in proportion to the fineness of the strands, and also 
to the fineness of the flax or hemp fibres of which the stramls consist. Thoy 
aro weakened by overtwisting. Dump hempen cords are stronger than dry ones, 
twisted than spun, tarrod than untarred, and unbleached than bleached. Silk 
cords are three times stronger than thoso of flax. 

Tenacity of vegetable and animal substances. — Woods are sub- 
jeet to great inequalities. Trees grown on mountains are much stronger than 
those of the same kind from the plains. 

Animal and vegetable substances, converted from the liquid to the solid state, 
as gums, varnish, glue, tic., possess extraordinary strength. Rumford found that 
a solid cylinder of paper, glued together, whose sectional area was one squaro 
inch, would support 30,000 lbs.; and a similar cylinder of hempen strings, glued 
together lengthwise, supported 92,000 lbs. — a tenacity greater than that observed 
in iron. 

171. Resistance to pressure \n columns. — The resistance of a 
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oolumn to a vertical force which tends to crush it } depends in its form, 
its sectional area, and its height. Of two columns of the same mate- 
rial, having the same form aud equal heights, the one which has the 
larger sectional area will be the stronger, but the exact ratio of increase 
in strength is unknown. 

Aco.rding to Euler: When the base remains the same, the strongth of a 
coluim diminishes as the square of the height; that is, when the height is 
trebled, tho strength is diminished nine times. 

The resistance of a right prism is in tho inverse ratio of tho square of the 
height, and directly as the width, and the square of the thickness. 

A prism, whose base is a parallelogram, has less strength than one of the samo 
height and volume, whoso base is a square; and the latter less than a cylinder 
of equal height and volume. 

A solid cylinder resists less than a hollow one of equal height and mass; and 
lastly, a solid cylinder less than an equivalent cone. A column of one pioco is 
stronger than one composed of several. 

Solids do not offer the samo resistance in all positions : stones in the position 
of their natural bed are stronger than when placed otherwise; and wood is 
stronger in the direction of its fibres than across them. 

The strength of rectangular columns is directly as tho product of tho longor 
sido of the section into tho cube of the shorter side, and inversely as the square 
of tho neight. 

172. The lateral or transverse strength of materials is their 

power to resist a breaking force applied at right angles to their length. 

Let a be, fig. 128, be a beam secured at one end, and supporting at 
the other extremity a weight, W, 128 

acting rft right angles with its 
length. It is evident that while 
the suspended weight tends to 
produce extension and rupture 
at the upper surface, a, the par- 
ticles at the opposite or under 
surface, o, will bo compressed. 

Between these two points there will be a certain plane, mn, called the 
neutral axis , where there is neither extension nor compression. 

Suppose tho power of the beam to resist compression is the same as 
its power of resisting extension, then the neutral axis will divide the 
transverse section into two equal parts, an area of compression and au 
area of extension. When the fibres on the surface a are extended *Xj 
their limit of tenacity, the fibres at o will be compressed with an equal 
force, while no force is exerted on the neutral axis, therefore the entire 
force required to be overcome to produce rupture is equal to one-half 
the longitudinal tenacity of the beam. If / represents the absolute 
tenacity of a unit of area (See Table, \ 170), 6 the breadth of the beam, 
14 * 
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and d its depth, then the resistance to be overcome, R , = J tbd . The 
effect of the breaking force tends to turn the section a o about the neutral 
axis. The sum of all the extending forces, 128 a 

II h , fig. 128 a, will be represented by the A | 
area of the triangle aGa / . These forces 
act at different distances from the neutral 
axis, G, but their entire effect will be the 
same as if they were all concentrated at 
tho centre of gravity of oGa', which is 
at a distance from G equal to § a G = 

| a o = | d. The statical moment of the extending force will therefore be 

{tbd X i d = fatbd?. 

The statical moment of the compressing force is also fatbd 2 . Hence thtf 
sum of the moments of the statical forces opposed to fracture is {tbd?. 
To overcome this moment of resistance, the weight, W, acts at the 2 nd 
of the beam, the length of which we represent by l; then, since at the 
moment of fracture the statical moment of the weight must equal the 
statical moment of the resistance, wc shall have 


The lateral cohesion of tho beam prevents the different lamina* from sliding 
on each other, and thus tends to prevent fracture, but this element of strength 
is neglected in the preceding analysis. 

To find the weight required to break a beam supported at one end, 
wo have the following — * 

Rule : Multiply the absolute tenacity of a beam of the same dimensions \ 
by its depth, and divide the product by six times the length; the quo- 
tient is the weight suspended at the extremity required to b&ak the beam. 

Practical applications. — To apply this rule to practical purposes, 
it is necessary to take into consideration the weight of the beam itself. 
This weight may be considered as acting at its centre of gravity, con- 
sequently the strain produced by it will be only half as much as if it 
ttoted at tho extremity of the beam, we must therefore subtract from the 
breaking weight one-half the weight of the beam. Calling the weight 
of the beam tr, the formula becomes, 

nr tb£_V> 

W ~ 6 / 2 ' 

If we would estimate the load which a beam can sustain without danger of 
breaking, we must consider that beams, of whatever material they may be 
constructed, are liable to be more or less imperfect. To afford security from 
accident, it is customary to estimate the working load as only $, $, or, .in some 
caeca, only ^ part what would be required to produce fracture. 
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For a cylindrical beam supported at one end, the breaking vefcght, diminished 
by the weight of the beam itself, is 

tlti* ir 

IT — — -, r being the radius of tho beam. 


For a tube whose external and internal radii aro r and r', the breaking woight 
will be 

For a rectangular tube supported at one end, 


w — w f 
2 ^ 


129 


If a rectangular beam is supported at the centre, and the weight ii 
divided into two parts, rest- 
ing upon opposite ends of the 
beam, as shown A, fig. 129, we 
must replace W, w , and / in the 
preceding formula by JW, 
and J/. Making these substi- 
tions, and reducing: 

_ w Atb(P 

r +S ST'" 

The weight which a beam 
can support when it rests vjwn 
its centt'e , and the weight is 
equally divided at its extremi- 



ties , is four times as great as if the beam were supported only at one end, 
and the weight was susj tended from the other end . 

One-half of the beam is included as a part of the breaking weight. 

If the beam is supported at its two extremities, and the weight is 
suspended at the centre, as shown at B, fig. 129, tho breaking weight 
will obviously be the same as the sum of the two weights in the pre 
ceding case. 


If the beam is secured at both extremities, as shown at D, fig. 129, 
and the weight is placed at the centre, throe fractures are to be pro 
duced simultaneously. To produce the fracture at the centre separately 
will require the same weight as in the preceding case, and the fracture* 
at C and C' will each require one-half as much more force, while I no 
half of the weight of the beam is to be included Therefore, 
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General estimate of the strength of beams. — If the weight is 

evenly distributed over the whole beam, it will support twice as much 
as if the whole pressure were placed in the centre. If a rectangular 
beam has two or three times the breadth of another, the depth and 
length being the same, it will have two or three times the lateral 
strength ; and if the length is increased two or three times, other 
things being equal, the power of suspension will become one-half 
or one-third respectively. When the length and breadth remaim the 
same, the strength increases with the depth, but in a higher pro- 
portion. A beam having the same length and breadth as another, but 
twice or three times the depth, will hear a four or nine times greater 
weight. A thin board or beam is therefore much stronger when placed 
on its edge than on its side ; on this principle, the rafters and floor 
timbers of buildings are made. 

In round timber, the power of suspension is in proportion tc* the 
cubes of the diameters, and inversely, as the length ; a cylinder whose 
diameter is two or three times greater than that of another, will carry 
a weight 8 or 27 times heavier. The lateral strength of square timber 
is to that of the tree whence it is hewn as 10 : 17 nearly. 

The strongest rectangular beam that can be sawn from a piece of 
round timber is one whose breadth is equal to the square root of one- 
third multiplied by the diumeter, and its depth is equal to the square 
root of two-thirds multiplied by the diameter. 

A tube is the form which combines the least weight of materials 
with the greatest lateral strength. Galileo was the first who remarked 
that the bones of animals, the quills of birds, the stalks of plants which 
boar a heavy weight of seed at their summit, and other similar hollow 
cylinders, offer a much greater resistance than solid cylinders of the 
some length, and constructed of the same quantity of matter. 

A round tube whose external and internal diameters are to each 
other as 10 : 7 has (according to Tredgold) twice the lateral strength 
of a solid cylinder containing the same amount of material. 

A rectangular tube, whose height is considerably greater than the 
breadth, will sustain a greater amount of lateral pressure than a hollow 
cylinder of the same thickness, and containing the same amount of 
material, because a much greater amount of material is placed at a 
remote distance from the neutral axis. Hollow rectangular beams of 
iron are used in architecture, and the same form of construction was 
selected by Stephenson for the Britannia and Victoria Bridges. 

The Britannia Tubular Bridge, across the Menai Straits, is an 
immense rectangular iron tube, or corridor, 17 feet wide, 22 feet high 
at the ends, 30 feet at the centre, aDd 1834 feet long, through which 
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the English Western Railroad passes from Wales to the island of 
Anglesea, 104 feet above high water mark. Two of the openings 
between the piers are each 400 feet, and the other two each 230 feet. 
The ordinary pressure of the railroad trains which pass this bridge 
produces a depression of merely one-eighth of an inch, or less ; discerni- 
ble only by the aid of instruments. 

The Victoria Tubular Bridge, for the passage of the Grand Trunk 
Railway across the St. Lawrence, at Montreal, is G(»00 feet, or a mile 
and a quarter in length. It has 24 openings of 242 feet each, and a 
centre span of 330 feet. The abutments are 30 feet, and the central 
piers 60 feet above summer water. The breadth of these immense iron 
tubes is 10 feet, the height at the ends of the bridge 10 feet, and ut the 
centre 21 feet 8 inches. The tubes are constructed of boiler iron, 
varying from J to J an inch in thickness, strongly braced with lateral 
irons placed at distances of from 3 to G feet. The cost of this stupen- 
dous bridge was $7,000,000. 

173. Limits of magnitude. — The materials of all structures must 
BUpport their own weight, ami therefore their available strength is the 
excess only of their absolute strength above what is necessary to sup- 
port themselves. 

When all the dimensions of materials are increased, the absolute 
strength augments as the square of the ratio of increase, but at the 
same time, the weight of the materials augments as the cube of the 
increase. 

If the dimensions of a beam are doubled, it is four times stronger, 
and eight times heavier; or if its magnitude is multiplied 4 times, its 
strength will be multiplied 16 times, and its weight 64 times. 

In consequence of unequal ratio in increase, the strength of a struc- 
ture of any kind cannot be estimated from its model alone, which is 
always much stronger in proportion to its size than the structure. In 
enlarging a structure, a limit is soon reached at which it has no avail- 
able strength, its total absolute strength being required to support 
itself ; and if this limit is passed, it will fall to pieces by its own weight. 

All works, natural and artificial, have such limits of magnitude which 
they cannot surpass while their materials remain the same. 

In conformity to this principle, small animals are stronger than largo ones, 
and insects and animalculsc are capable of feats of strength and agility, which 
seem miraculous when translated into the proportions of man. The operation 
of the same law may be seen by comparing the unwieldy movements of the 
elephant, with the lithe and active tiger, or the easy motion of song- birds, and 
the arrowy swoop of the hawk, with the laborious and measured flight of the 
swan, and the condor of the Andes. For the same reason, the gigantic saunans, 
whose bones are mentioned by geologists, had their home in the jeean, where, 
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in modern limes, arc found sea- weeds of interminable length, and animal a, 
whose ponderous mass would be incapable of motion, if they were not floated 
buoyantly by the element they inhabit. 

| 5. Properties of Solids depending on a permanent displace* 
ment of their Molecules. 

174. Malleability, or the property of being wrought under the 
hammer, belongs to many of the metals in an eminent degree, and 
UDon it their utility in a great measure depends. 

The following is the order of malleability of the principal metals, 
when extended under the hummer ; viz., lead, tin, gold, zinc, silver, 
eopper, platinum, iron. This order represents the facility of extension 
depending on relative hardness, hut gold may he beaten thinner than 
any other metnl (compare \ 10). 

The property of extending into plates in the rolling-mill is somewhat 
different from the facility of extending under the hammer, and is pos- 
sessed by the metals in the following order; viz., gold, silver, copper, tin, 
lead, zinc, platinum, iron. Malleability varies with the temperature. 

Iron is most malleable when it Orst. attains u white beat, and in that rtaio 
bugo masses of it are taken from the furnace to he forged, the metal yielding 
like wax to the pressure of the rolling mill, or the blows of the hammer. Zinc 
is most malleable at .‘{00° or 400°, and lead and eopper when they are cold. 
Glass, which is very brittle when cold, becomes malleable at a high temperature. 
Gold may he hammered into leaves so thin that a million of them are less than an 
inch thick. 'Metals lose their malleability by constant hammering, hut recover 
it again by being heated and slowly cooled - a process called annealing. 

175. Ductility, or the property of being drawn into wire, must not 
be confounded with malleability, for the. same metals are not always 
both ductile and malleable, or do not possess these properties to an 
equal extent. In general, ductility increases with the temperature. 

The following is the order of ductility in the principal metals; viz., 
platinum, silver, iron, copper, gold, zinc, tin, lead. 

Iron may bo drawn into the finest wire, but it cannot he rolled into plates of 
proportional thinness. Tin and lead possess these qualities in the reverse 
order. 

176. Hardness has no relation to density, or the number of particles 
within a given space, but depends only on the nature of the particles, 
their mutual arrangement, and cohesion. 

The metnls may be scratched by glass, which is far lighter than most of them, 
and among metals, density is not connected with relutivo hardness. Alloys am 
often harder than either of their constituents, and some metals, os stool, may 
have their hardness modified by heat at pleasure. 

Tho following table gives the scale of hardness used by mineralogists, 
•ommenciug with talc , tho softest crystalline Bolid, and ending with 
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diamond, which is esteemed the hardest, since it cuts all other bodies, 
but cAonot be cut by any but itself. 


Deg. 

Substance. 

Deg. 

Substance. 

1 

Talc. 

6 

Feldspar. 

2 

Qypsum. 

7 

Quarts. 

3 

Calc spar. 

8 

Topas. 

4 

Fluor spar. 

9 

Sapphire. 

6 

Apatite. 

10 

Diamond. 


The terms hard ami soft are seen by an inspection of this table to 
be entirely relative, since each succeeding body is harder than the one 
preceding, and vice versa, the extremes only being respectively softer 
and harder than all others. 

Wo employ hardened stoel to out wood, and even iron ; emery (the rough 
sapphire) is required to cut and polish si eel and gloss. The diamond, set in a 
staff of metal, is an efficient tool for cutting plates of gloss into any required size. 
Even the hardest rocks, as porphyry and jasper, are readily turned into auy 
required form in the lathe, by the use of a diamond properly set as a turning 
tool. 


177. Brittleness. — Bodies which are easily broken in pieces and 
pulverized are said to be Iniltle. Such are hard bodies generally, and 
also many highly elastic substances. 

178. Hardening; Temper; Annealing. — When certain metals are 
heated to redness or to a higher temperature, and then arc suddenly 
cooled, by plunging into cold water, oil, or mercury, they become bard, 
brittle, and more elnstic than before. This process is called hardening. 

The effects of this method of hardening are most important in the case of 
•teel, since it is in virtue of this quality that its application to a great variety 
of purposes depends. 

When steel is raised to a high heat and slowly cooled, it becomes 
soft, ductile, flexible, and much less elnstic than before. This process 
is called softening or annealing , although the latter term is more Ire 
quently employed to denote a similar process of removing the hardness 
produced by hammering, and other mechanical means. 

Softened steel may be hammered, rolled into sheets, drawn into wire, 
or wrought into any form required in the arts. If hardness or great 
elasticity is required, the steel is then heated to redness and plunged 
into cold water, oil, mercury, or some other fluid, by which it is rapidly 
cooled. If, as is generally the case, it is then too hard for the use to 
which it is to be applied, a portion of the hardness is removed by w hat 
is called drawing the temper , by heating to a lower temperature, an* 
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allowing the article to cool gradually. The proportion of hardness 
removed depends on the temperature to which the articles are heated. 
This process of reheating and cooling, by which the degree of hardness 
is modified to suit any special purpose, is called tempering. 

Colors of tempered steel. — The workmen carefully observe the color 
of the steel, as it is reheated, and determine, from the tint, when a degree of 
boat is obtained sufficient to produce the temper desired. The tints which cor- 
respond approximately to the different temperatures are as follows: — 

Light straw, 428° F. Violet yellow, 509° Bine, 560° 

Golden yellow, 440° Purple violet, 630° Deep blue, 6011° 

Orange yellow, 464° Feeble blue, 660° Sea-green, 626° 

Dios used in coining roquirc to be made of the hardest steel. Files have but 
a very little of the hardness removed by tempering. Razors and fine cutlery 
are reheated to a pale yellow; penknife blades to a light straw color; tablo 
cutlery, where flexibility is required more than hardness, is reheated to violet; 
watch-springs to a full blue; coach-spriugs to a deep blue. 

Tempering by a bath. “-In many manufactories the requisite heat for 
tempering is obtained by immersing the bnrdened steel articles in a hath of 
metallic alloys, mercury, or oil, the temperature of which can be exactly regu- 
lated by a thermometer. The articles to be tempered are. placed in the bath, 
which is then healed to the required temperature, and then allowed to cool 
slowly. In this way ft great number of articles of the same kind can bo made 
to assume a uniform temper at small expense. 

It is a remarkable property of steel that when it is heated to a temperature 
that allows i( to begin to harden, by rapid cooling it receives its full degree of 
hardness. U cannot be partially hardened at any lower temperature. A bar 
of steel, boated at one end while the oilier remains cold, will be found, after 
rapid cooling, hardened at one end, with a sharp line of demarkatiou between 
tho bard and soft parts. Where it has been heated to a temperature insufficient 
for hardening, and is then rapidly cooled, it is sensibly softened. 

Temper of glass. — Glass undergoes the same changes by tempering 
at* steel. It becomes, bv rapid cooling, more brittle, harder, and less 
dense. A specimen of glass, examined by Chevandier and Wertheim, 
having a density of 2*513, acquired by annealing a density of 2*523. 
For hardening glass it is sufficient to allow it to cool rapidly in the 
open air, by moving it about. Glass-ware is annealed by passing it 
slowly through a very long oven, called a 44 leer” the end where it 
enters being nearly a red heat, and the other extremity nearly cold. 
Without the process of annealing, glass utensils would be almost 
worthless. 

Prince Rupert's Drops. — A beautiful illustration of the properties of 
anantioalod glass may bo seen in the scientific toy called Prince Rupert’s Drops, 
or Dutch Tears. They are made by dropping melted glass into water, by which 
means it is suddenly cooled and becomes very hard and brittle. They have s 
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46ng oval form tapering to a point at one an<\ f g lfO. The body of thoat 
glass drops will bear a smart stroke from a h amino without break- 
ing, but if a portion of tbe smaller end is broken oil' the whole mass 
will be broken into an almost impalpable powder, with a violont 
•hock. The llologua vial is another similar example. 

Tempering copper and bronze. — Most metals are acted 
on by heat and cold in the same manner as steel, hut to i\ 
less extent. Copper is a renmrknhle exception, since its 
properties in this respect are exactly the reverse of those manifested 
by steel. When copper is rapidly cooled it becomes soft and malleable, 
but when it is slowly cooled it becomes hard and brittle. 

Bronze, which is an ulloy of copper ami tin, undergoes, by change 
of temperature, the same changes as copper, but in a more remarkable 
degree. 

A recent fracture of bronze, which has been rapidly cooled, presents 
a yellow color ; hut after it has been slowly cooled the color is a bril- 
liant white, like pure tin. It is thus evident that hardening and anneal- 
ing cause different arrangements of the particles of coppor and tin of 
which the bronze is composed. 

179. Hammering. — By hammering, the molecules of many bodies 
are brought nearer to each other, so that their density is increased. 
By rolling, wire-drawing, extension, compression, bending, twisting, 
or any mechanical means by which the limits of elasticity are passed, 
changes are effected similar to those produced by hammering. 

Lead yields under the hummer or rolling-mill without, increasing its density, 
but its density may be increased by compressing in die*, or in any situation 
where it has no room to spread out under the action of tbe compressing force. 

Jiy such mechanical means the physical properties of sol hi bodies undergo 
changes analogous to those produced by tempering. They become dense, tena- 
cious, hard, brittle, and their limit of elasticity (HiK) is increased, although their 
elastic force is unchanged, us was shown by Coulomb, from tbe fuel that, their 
vibrations iu either condition are accomplished in the same time. 

Annealing restores the metals to the same condition ns before they were snb- 
mitted to mechanical force. Iron and platinum require to be frequently annealed 
duriug the. process of drawing into wire. 

The ancients gave to the bronze plates of their armor tho necessary hardnesf 
•by hammering. 

When zinc and iron have been hardened by rolling, the tenacity and elasticity 
are not the same in both directions of the plates, and rolling does not increasi 
the tenacity in so great a degree us drawing into wire. M. Navicr found that * 
rod of forged iron, having a section of one square millimetre, required to break 
it a weight of 40 kilogrammes. When it had been rolled into thin plates, • 
•trip cut in the direction of its length, having the same sectional area, required 
a weight of 41 kilogrammes to break it; but only 36 kilogrammes if out in a 
transverse direction. 

Fine wira twisted into cables is used to support suspension fcriAgea, beeanae 

14 
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such cables are much stronger than the same amount of iron in the form of rods 
or eoarse wire. 

180. Changes of structure, affecting the mechanical proper- 
ties of metals, take place spontaneously by the lapse of time, or more 
rapidly by the influence of heat or vibrations. 

These changes have been principally observed in iron. When this 
metal is recently forged it is very strong and flexible, and its fracture 
is fibrous and of a dull color ; but when it becomes old, or has been 
subjected to frequent vibrations, or changes of temperature, it becomes 
hard and brittle, and its fracture is coarsely granular, presenting many 
brilliant facets. This change, often seen in the axles of railway car- 
riages, is produced by vibration combined with the heat of friction, 
especially in the severe weather of northern winters. These facts, w T ell 
known to engineers upon railroads, explain the necessity of running 
trains at but moderate speed when the thermometer indicates a tempe- 
rature near to zero. 

Similar changes, diminishing the tenacity, take place in chains and anchors, 
which have been for a long timo imbedded in ice. (jay Lussac has observed bars 
of iron, which became almost as brittle as glass by remaining for a long time 
at a high temperature in an oven. 

Some curious results produced by vibration were discovered by 
Savart, who, having caused strips of glass and bars of metal, draw r n 
into wire, to vibrate in the direction of their length, found that they 
gave out at first very indistinct and confused sounds, but on continuing 
the experiments for a long time this confusion gave place to clear and 
distinct tones, which were obtained with ease. 

Brass wire strained like the strings of a piano, where it is exposed 
to atmospheric changes and constant vibration from currents of air, in 
a few months loses its tenacity and becomes completely friable, show- 
ing in its cross fracture a radiated structure. 

Annealing produces the same effect, in this respect, as vibration. Substances 
cost in the form of plates do uot resound well until after the lapse of several 
days. Sulphur, cooled in the form of a disc, docs not at first give out a clear 
sound, but after a time it vibrates readily, and after the lapse of some months 
the sound emitted is very much changed. This proves that there has been some 
modification of structure. 

{ 6. Collision of Solid Bodies. 

181. Motion communicated by collision. — When two solid bodies 
come into collision , the motion is redistributed through them , whether one 
or both bodies are in motion. 

i. If the bodies are soft and tenacious, or if the shock is not so 
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great as to overcome the tenacity of one or both bodies, they acquire a 
uniform motion, and move in contact as one body, as stated under 
impact, { 112. 

2. If the bodies are hard and inelastic, and the collision takes plane 
at only a small portion of the surfaces, and if the shock is so great as to 
overcome the tenacity of one or both bodies before motion is uniformly 
distributed through the masses, they will be broken in pieces, and the 
fragments scattered in different directions. 

3. If the bodies are so elastic that motion may he distributed through 
the mass before the limit of elasticity is passed, a reaction will take 
place, and the elasticity will modify the distribution of motion. 

182. Direct impact of elastic bodies. — When two elastic spheri- 
cal bodies m and m' % fig. 131, come into collision, while moving in the 
same straight line, they will undergo compression or flattening, as shown 
in the figure, and their centres will continue to approach each other 
until they acquire a common velocity (112). This velocity is repre- 

ii mu \ m'u' , , , . , . . , _ 

sented by x — , v and tr being the velocities boforo impact, 

* m m 

and * the common velocity of their centres of gruvity at the instant of 
greatest compression. If the limit of elasticity has 131 

not been passed, the elasticity of the two bodies 
will now act as an internal force, causing their 
centres of gravity to recede from each other, until 
the bodies recover their original forms, when they 
separate, and the shock terminates. 

183. Modulus of elasticity. — When two elastic bodies meet, the 
force with which they are urged towards each other is called the /(tree 
of compression ; the force of elasticity causing their centres to recede 
during the second interval of the shock is called the force of restitution ; 
the ratio of these two forces is called the modulus of elasticity. When 
this ratio is unity, or the force of restitution is equal to the force Of 
compression, the bodies are said to be perfectly elastic. When this 
ratio is zero, the bodies arc said to bo inelastic. For any value of this 
ratio, between these extremes, the bodies are said to be imperfectly 
elastic . 

There are no bodies known thut are perfectly elastic, or perfectly 
inelastic; hence in considering the collision of solid bodies, it is neces- 
sary to take into account the degree of elasticity which .they possess. 

The following table exhibits the degree of elasticity of several com- 
mon substances, perfect elasticity being taken as unity. 
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Substances. 

Degree of elasticity. 

II 

|j Substances. 

Degree of elasticity. 

Glass, .... 

0 94 

Bell metal, . . . 

0*67 

Hard -baked clay, 

0 89 

; Cork, .... 

0-65 

Ivory, .... 

0-81 

, Brass, .... 

0*41 

Limestone, . . . 

0-79 

1 Lead, .... 


Steel, hardened, . 

0-79 

1 Clay just yielding ) 

o-ir 

Cast-iron, . . . 

0-73 

ij to the band, 1 

Steel, soft, . . . 

0*C7 

1 

tl 



184. Velocity of elastic bodies after direct impact. — If two 

imperfectly elantic bodies, m and m' , move in the same straight line 
with velocities u and u being greater than ti / , the first body will 
overtake and strike against the second with the same force as if the 
Becond body were at rest, and the first body were moving with a velo- 
city equal to u — u'. The two bodies, being elastic, will suffer com- 
pression until they acquire a common velocity, 

mu 4- m'u' 
x = . 

m -f m' 

The velocity lost by m at this instant will be u — x, and the velocity 
gained by mf will be x — 

Let e be t^o modulus of elasticity, and v and v f the velocities of the two bodies 
after they recover tlioir original forms at the close of the second period of die 
shock. 

Since the forces of compression and restitution are in proportion to the velo- 
cities they generate or destroy, the velocity destroyed in m by the force of 
restitution will bo e (u — .r), and the velocity gained by m' f by the force of resti- 
tution, will bo *■ (r — «'). 

Hence the whole velocity lost by m will be (1 -f- e) (h — ar), and the whole 
velocity gained by m' will be (1 -}-<?)(* — u'). The velocity of m after impact 
will bo 

**■— u — (1 -j- e) (« — ar) = ar — e( u — ar). («) 

Thi velocity of m' after impact will be 

e' = *' -f- (1 -f- e) (* — «') =x + «(* — u'). (ft) 

Substituting the value of x in the formula (a) and (ft), and redaaing^ we 
obtain 

9 — mU __ m>g ( M ~ ti# > 
m -f- in’ m -f* m f 




mu -f- m'u’ me(u — o') 
m -f- m' ’ 


If the two bodies move in opposite directions before impaet, we most make 
either u or negative in the preceding formulsB. If one of the bodips is at reel 
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before impact, «* becomes tefb. If • = 1, tbe formula represent tbe conditions 
of perfectly elastic bodies, and if s = 0, tbe formula will apply to inelastio 
bodies. 

From the preceding formula we may deduce t ho following general 
conclusions : 

1. If two bodies are perfectly elastic , their relative velocities before and 
after impact are the same . 

Making « = 1 in (o) and ( b ), and subtracting tbe latter from tbe former, we 
• — - o' = «i r — u. 

2 . If the bodies are perfectly elastic and equal , they will interchange 
velocities by impact. 

Making m = m', and e — 1 in (e) and ( d ), 

v = 4 . »') — *(ti — «') — u 

3. By the impact of bodies , whether elastic or otherwise , wo motion ts 
wst. 

Multiplying (c) by m, and (<f) by m', and adding and cancelling similar terms, 
we have 

me { mV mu \ mV, 

in which the first member of tbe equation is the sum of the momenta of the 
two bodies after impact, and the second member the sum of their momenta before 
impact. 

4. The velocity which one body communicates to another at rest., when 
perfectly elastic, is equal to twice the velocity of the former, divided by one 
plus the ratio of the masses of the two bodies. 

In formula (tf) let m’ rm, u' — 0, and e 1, wo shall then obtain 

2 »i 

1 r 

5. When a body in motion strikes another equal body at rest, both 
bodies being perfectly elastic, the first body comes to a state of rest, and 
the second flies off with the previous velocity of the first. 

If the two masses are equal, r 1 in the last formula, and v r — u. 

Scholium. — If a series of perfectly elastic balls arc arranged in a 
line, and all are in contact before impact, except tbe first, which is 
made to strike against the second, all the balls except the last will 
remain in contact, and at rest, after impact, and the lost will move off 
with the velocity of the first. 
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185. Transmission of shook through a series of elastic balls 
Experimental illustration of. elasticity. — If several equal ivory 
balls are suspended, as shown in fig. 

132, when 1 in drawn back to a , and 
let fall against 2, only the last in the 
series, 7, will move; this will start 
with the velocity which 1 had at the 
instant of striking against 2, and it 
will fly off to the position b , at a dis- 
tance equal to the limit to which the first had been drawn back ; it will 
then return striking against 0, which will again be set in motion, all 
the others remaining at rest. This alternate movement of the extreme 
balls of the Hcrics will continue until friction, and the resistance of the 
air conspiring with the slightly imperfect elasticity of the balls, at length 
causes the action to cease. 



Problems. — Elasticity of Tension. 

74. A rectangular bar of iron whoso transverse section is one square centi- 
metre, and whoso length is three feet, is suspended with its upper extremity 
attached to a linn support. : what weight roust, be suspended at its lower extremity 
to cause a temporary elongation of one-fourth of an inch when the temperature 
is 14° 1\, 50® F., 212° F , 292° F. ? 

This problem may bo solved for rods of any of the metals mentioned in the 
table (101). . 

76. A rectangular bar of hammered brass 2J feet in length, suspended by its 
upper extremity, supports a weight of 76 kilogrammes: bow much will it be 
temporarily elongated when the temperature is raised to 60° F. ? 

Elasticity of Flexure. 

76. If a beam 10 foot, long, 3 inches wide, and 6 inches in depth, suffers a 
certain amount of flexure when one end is firmly supported in a wall, what 
weight will be required to give an equal flexure to another beam of the same 
material, 16 feet long, 6 inches wide, and 9 inches in depth? 

. 77. What weight suspemlod at the middle of the last-mentioned beam will be 
required to produce an equal amount of flexure when the beam is supported at 
both ends ? 

Tenacity. 

78. IIow many pounds weight, suspended by a steel wire hanging vertically, 
will be required to break it when the wire is one-fourth of an inca in diameter? 

Calculate for both tempered and untempered steel. 

79. In a pendulum experiment, it is requirod to suspend a weight of 64 lbs. 
by a coppor wiro. What must he the diameter of the wire, when, for the sake 
of soourity, j is deducted from its strength as given by the table? 

Transverse Strength. 

89. If a botm of oak, 6 inches wide by 9 inches in depth, projeots 20 fee it 
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from a wall in which it is secured, what weight suspended at the end, as in fig. 
128, will be required to break it, no account being taken of the weight of the 
beam itself? 

81. What weight will be required to break a cylinder of cast iron 26 feet long,* 
having an external diameter of 2 feet, and an internal diameter of 20 inches, the 
weight being supported at the extremity? 

82. What weight, placed at the centre of tho greater span of the Britannia 
Tubular Bridge, would be required to brenk it, calling tho breadth of the tube 
17 feet, height 30 feet, calculating for a single thickness, } of an inch of plate 
Iron, and estimating the tenacity equal to a force of 60,000 lbs. to the square 
t*h ? 

83. Deducting from the weight found in the last problem, the weight ;>f one- 
half the length of tube spanning the greater opening, and estimating the work- 
ing load as £ the breaking weight, how heavy a train might safely cross tho 
Britannia Bridge ? 

84. How heavy a train may safely cross the Victoria Bridge (172), if the 
thickness of tho tube at the centre is £ an inch, and if, disregarding tho weight 
of the tube itself, the train is limited to £ the absolute tenacity of the structure? 

86. What weight can be sustained at the middle of the strongest rectangular 
beam that can be sawn from a birch log 2 feet in diameter, and 30 feet long, 
reckoning the weight of the timber nine-tenths that of water? 

Impact of Elastic Bodies. 

86. Two glass spheres weighing 12 oz. and 7 oz. respectively, move in the 
same direction with velocities of 8 feet and 6 feet in a second. Find the respec- 
tive velocities of the two. balls after impact, und their common velocity at the 
instant of greatest condensation. 

•This problem may be varied by substituting for glass, balls made of each 
substance whose degree of elasticity is given in the table (183). 

87. A perfectly elastic body m, moving with a velocity of 12, impinges on 
another perfectly clastic body, »n\ moving in the opposite direction with a velo- 
city of 6; by impact m loses onc-thirJ of its momentum. What are the relative 
weights of the masses m and m' ? 

88 A body, m (— 3 in'), impinges on m* at rest. Tho velocity of m after 
impact is j of its velocity before impact. Required the value of e, tho modulus 
of elasticity. 

89. Two bodies m and m', whose elasticity is §, moving in opposite directions 
w»tb velocities of 25 and 26 feet per second respectively, impinge directly upon 
each other. Find the distance between them 4£ seconds after impact. 

90. A number of perfectly elastic balls are placed in a right line. Tho first il 
made to start with a given velocity ; determine the ratio of tho balls so that its 
momentum may be equally divided among the remainder. 

91. An elastic ball falls from a height of 40 feet. How high will it rebound, 
^opposing that one-fifth of the final velocity is lost at tho impact in consequence 
of imperfect elasticity ? 

92. An ivory ball falls from an elevation of 100 feet. With what velocity must 
another similar ball be projected upward in the some vertical line, that after 
the two balls meet, the first ball may return to the same elevation from which 
U fell ? 
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CHAPTER III. 

OF FLUIDS. 

HYDRODYNAMICS. 

* 

l 1. Hydrostatics. 

I. DISTINGUISHING PROPERTIES OF LIQUIDS. 

186. Definitions. — Fluids — Hydrodynamics. — Fluids are bodies 

in which the attractive and repulsive forces (140) arc, 1st, either in per- 
fect equilibrium, producing liquids or inelastic fluids ; or 2d, in which 
the repulsive force holds sway, producing gases or elastic fluids. 

Hydrodynamics treats of the peculiarities of state and motion among 
fluid bodies, both liquids and gases (15). It is subdivided into hydro - 
statics, or fluids at rest, and hydraulics , or fluids in motion. 

187. Mechanical condition of liquids. — Liquids, owing to the 
slight cohesive attraction among their particles, possess no definite form, 
but adapt themselves to the shape of the containing vessel. This is a 
necessary consequence of the perfect freedom of motion among the par- 
ticles of a liquid. Liquids vary very much, however, in the degree of 
their fluidity, as between thin mobile liquids like alcohol or water, and 
thick, viscous, bodies like oils and tar. In viscous bodies, the imperfect 
fluidity is a consequence of the only partial ascendency of the repulsive 
force, leaving still a notable amount of cohesion among the particles. 
Heat serves to increase the repulsivo force, and so converts viscous into 
thin liquids. 

Liquids and gases are conveniently distinguished as non-elastic and 
elastic fluids, but this distinction is not absolute, since all liquids possess 
some elasticity, more, usually, than belongs to the solid state of the same 
bodies. 

188. Elasticity of liquids. — Compressibility. — We have already, 
in sec. 21, illustrated the compressibility of water. The researches 
of Canton, in 1761, Oersted, in 1823, and others of later dates, have 
proved that all liquids are slightly compressible. The piezometer 
(rttc£<i>, to press, and pttpov, a measure) is an instrument designed to 
measure the compressibility of liquids. Oersted’s apparatus, fig. 133, 
eonsists of a strong glass cylinder; twenty-four or twenty-five inches 
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in height, mounted on a stand: the upper part is accurately closed by a 
brass cap, through which passes the funnel tube, E, to supply the vessel 
with water, and a cylinder, furnished with a piston, moving by the 
eerew P. In the interior is a vessel A, containing the liquid to be 
compressed, having- a capillary tube at its upper part, which bends and 
descends to the mercury 0, contained in the lower part of the vessel 
This capillary tube is subdivided into 133 

equal parts, and the number of these 
parts the vessel A can contain, is accu- 
rately determined. There is also in the 
interior of the cylinder, a tube of glass, 

B, furnished with a graduated scale, C ; 
this tube is closed at its upper end, and 
has its lower end immersed in the mer- 
cury, 0. This tube is called a mano- 
meter (280), and is, when at rest, nearly 
filled with air. 

In order to experiment with this apparatus, 
fill the vessel, A, with the liquid to be com- 
pressod, and by means of the funnel, R, fill 
the cylinder with water, having previously 
placed mercury in its lower part. Turning 
the screw, P, the piston descends ; in conse- 
quence, the air in the tube, B, is compressed, 
and the mercury is elevated ; the degree of 
elevation shows the amount of pressure ; at 
the same time, the mercury rises in the capil- 
lary tube, and gives the measure of the com- 
pression of the liquid in A. 

Supposing each division of the capillary 
tube held but a millionth part as much as 
the vessel A-, then if the liquid to be com- 
pressed was water (at the pressure of one atmosphere), we should 
observe the mercury to rise between 49 and 50 divisions. 

There is one correction to be made in the observations obtained by 
this instrument ; it might be supposed that the capacity of A would be 
invariable, the exterior and interior walls being compressed equally by 
the liquid, but it is not so ; the interior capacity of the vase undergoes 
the same diminution as would a body of glass of the same form and 
volume, submitted to the same pressure. This diminution amounts 
to about 33 ten millionths (hf.w8S.ifuu)* primitive volume, fof 

mo h atmosphere of pressure. 

This quantity can be calculated in any case, as well for glass as fox 
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copper and brass (the three materials used in the improved piezometer 
of Regnault), from the known elongation of rods of these substances 
at the same tension, according to the law's of Wertheim (1G0). M. 
Grassi (Amu <Je Chimie et Phys 3 * Sdrie. Tom. XXXI., p. 437) nas 
lately revised the results of Oersted, Canton, and of Messrs. Colladon and 
Sturm, on a great number of liquids, and at different temperatures, 
The compressibility of water diminishes with increasing temperatures. 
On the other hand, heat increases the compressibility of alcohol, ether, 
chloroform, and wood spirit. 

Salt or sulphuric acid diminishes the compressibility of water in pro* 
portion to the quantity dissolved, but for a given density these solu- 
tions obey the same order as pure water. 

Grasses principal results are given in the following table, the com- 
pressibility being parts in a million at a pressure of one atmosphere : 


Liquids used. 

m 

Compressibility. 

Pressure In atmos- 
pheres employed. 

* 

Mercury, 

32° F. 

0-000, 002-95 


Water, 

32° 

0-000,050-3 


Do. 

77° 

0 000, 045-6 


Do. ..... 

128° 

0-000,044-1 


Ether, ..... 

32° 

0-000,111-0 

3-408 

Do. ..... 

57° 

0-000,140-0 

1-580 

Alcohol, 

45° 

0-000,082-8 

2-302 

DO. . | a . . * 

554° 

0-000,090-4 

1-570 

Wood spirit, . . . 

66° 

0-000,091.3 


Chloroform, .... 

47° 

0-000,062-5 


Do. .... 

64° 

0 000, 064-8 

1-309 . 


It appears, that of all liquids tried, mercury has the least, and ether 
the greatest, ratio of compressibility. The pressures were carried to 
the great extent of 220 atmospheres. 

Elasticity. — It is hardly requisite to remark that the return of com 
pressed liquids to their original bulk, on removal of pressure, is proof 
?f an clastic force in them equal to their ratio of compressibility 
Consequences. — It follows from what has been said, — 

First. That the molecules of liquids, owing to the entire freedom of 
motion among themselves, are in equilibrium. 

Second. That liquids possess perfect elasticity, and a slight degree of 
•ommressibility. 

Let ub now farther consider the necessary consequences of these mechanical 
conditions of liquids, both independent of gravity, and also with reference to 
that force. 
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II. TRANSMISSION OP PRES8UR13 IN LIQUIDS. 

1 89. Liquids transmit pressure equally in all directions.— 

Liquids transmit in all directions , and with tike same intensity , the pres% 
m re exerted on any point of their mass. 

This important theorem was first clearly announced by B. Pascal. 
Let fig 134 be a vessel filled with a liquid, and furnished with a num- 
ber of equal cylinders, in each of which is a well-fitting piston. The 
ressel and liquid are both assumed to be without weight, consequently 
none of the pistons have any tendency to move. If pressure is applied 
to the piston A, it will be forced inwards, and the other pistons B, C, D, 
and E, of equal area, will each be forced outwards with tho same pres- 
sure, so that if the piston A was pressed inwards with a force of one pound, 
it would be found necessary to apply a force 134 

of one pound to each of the other pistons, 
in order to keep them in their place. If 
the area of B and C was two or three times 
that of A, then the pressure upon them 
would be two or three times as great. Wc 
cannot perfectly demonstrate, that liquids 
transmit pressure equally in all directions 
(because wc cannot obtain for experiment, 
as would be necessary, liquids without 
weight, and pistons working without fric- 
tion), but that this pressure is exerted in all directions, is shown by the 
simple apparatus, fig. 135, consisting of a cylinder, furnished with a 
piston and terminated by a sphere; on this 135 

sphere are placed small tubes, jutting out in 
all directions ; upon filling the sphere and 
cylinder with water, and pressing upon the 
piston, tho water is forced out from each of tho 
jets with equal energy. This is a necessary 
consequence of the mechanical constitution of 
liquids (187). 

Let A represent the area of any portion of 
the inner surface of a vessel, and A / that of any 
other portion of the same vessel, while P and 
P / are the pressures exerted on these surfaces 
respectively by any forco of compression on 
the liquid, and we have 

P :P'=rA \ A'. 

It also follows that this expression represents correctly the pressure 
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exerted on any solid body plunged in the liquid, as well as for any part 
of the sectional area of the liquid itself. Ilence: — 

.The entire pressure sustained by any surface is proportional to its areOy 
** and thus,” says Pascal in his Treatise on the Equilibrium of Fluids, 
it appears thtt a vessel full of water is a new Principle in Mechanics, 
and a newJVlaehine which will multiply force to any degree we choose.” 
Pascal also referred the equilibrium of fluids to the principle of virtual 
velocities which regulates the equilibrium of other machines (105). 

190 The Bramah Hydrostatic Press. — This powerful apparatus 
depends upon the principle just announced. 136 

Want of good workmanship alone prevented 
Puscal from realizing his conception of this 
machine (in 1653), as was long afterwards 
(a.d. 1796), done by Bramah, at London. 

As the form of the vessel has no influence 
on the equal transmission of pressures, and 
the point of application of force may be 
situated at any convenient distance from the 
press, it is plain that the mechanician can use 
this principle as circumstances demand. Thus, in fig. 136, the piston a 
may be to the larger one b c as 1 : 20, and hence a pressure of one pound 

137 




exerted on a will raise b c with a force oi twenty pounds, and conversely 
any pressure exerted on 6 c will be diminished twenty fold at a. 
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The mi in parts of the Bramah hydrostatic press, fig. 1H7, consist of a small 
forcing-pump, A, in which is a piston worked by a lever. This pump comwuni 
cates with a large and strong cylindrical reservoir, B, by a tube indicated by the 
dotted lines in the figure. In this cylinder a water-tight piston moves, bearing 
at its upper end a fiat metallic plate, between which and the top of the frame, 
D, the substance, M, to be compressed, is placed. 

The cylinders are filled by meaus of the curved tube II, one ond of which 
rests in a vessel containing water, or oil, the other terminates in the barrol A, 
and has a valve at its end opeuing upwards. This valve opens when the piston 
is raised, ihus drawing in water, and closes when the piston descends. By 
working the piston, the barrels A and B are completely filled with water. The 
orifice 0 is iu connection with a stop-cock, by which the water cau bo drawn 
off whon the pressure is to bo reduced. 

If the cyliudor B has an area of 200 square inches, and tho small cylinder an 
urea of half a square inch, the pressure of the wator on the piston above B, will 
be 400 times that applied at the lever. But let the arms of the lever be to each 
other as one to fifty, then when a force of fifty pounds is applied at the long 
arm, the piston will descend with a force of 2500 pounds (50 X = 2500), 
and there will bo exerted, theoretically, a forco of 1,000,000 pounds upon tho 
piston in B (50 X 50 X 400 = 1,000,000), or, deducting one-fourth for tho loss 
occasioned by the different impediments to motion; a man would still bo ablo to 
exert a force of 750,000 pounds. 

This enormous result is gained, of course, very slowly, in accordance 
with the well-known relation of power to weight (109). 

Uses in the arts. — The hydrostatic (often called hydraulic) press is of 
extensive uso in the industrial arts. It is employed for compressing cloth, oil- 
cake, paper, bay, gunpowder, candles, vermicelli, and for numerous othor arti- 
cles, to which the proper form or condition is imparted by severe pressure; 
also for testing steam-boilers and chain cables. The tubes of tho famous 
Britannia tubular bridge over the straits of Menai (172) were raised to their 
place by means of powerful hydraulic presses. 

191. Pressure of a liquid on the bottom of a vessel . — The 

pressure exerted by a liquid on the horizontal base of a conlaiuiuy vessel, 
is 1st, independent of the shape of the vessel, and 2d, is eipial to the 
weight of a column of this liquid , whose base is that of the vessel, and 
whose height equals the depth of the liquid. 

In a conical vessel, standing on its base and filled with liquid, con 
eeive any number of horizontal planes, dividing the contents of the 
vessel into a series of frustums, so thin that each frustum may be 
considered a cylinder. It is evident that the pressure exerted by each 
cylindrical mass on its own base is equal to its own weight. But by 
the principle of Pascal each succeeding section will have to support 
a pressure, as much greater than the weight of the superincumbent 
masses as the area of its base is greater than the area of the base of 
16 



154 


THE THREE STATES OF MATTER. 


that preceding it. Hence, the base of the conical vessel 13 a 
will support a pressure equal to the weight of a column of 
water whose base and height are respectively those of the 
vessel. 

Evidently, from this reasoning, if the conical vessel is in- 
verted, or its form is in any way modified, the same law holds 
good. 

The truth of this principle may be experimentally demon- 
strated by means of the apparatus in fig. 138. If this instru- 
ment is placed in a liquid, the piston C is forced in with a 
pressure equal to the weight of a column of the liquid, whose 
base has the area of the piston, and whose height is equal to 
the depth of the liquid above the surface of the piston. 

To demonstrate that the pressure is independent of the form of the 
vessel , M. II aid at has contrived the apparatus, fig. 139. It consists of 
a tube, A Be, bent twice at right angles. On A, may be placed the 
vossels M and P, of equal height, but of different forms. The tube 
A Be is filled with mercury, which rises to an equal height in A and c; 
M is then placed on A, and filled with water ; the mercury immediately 
rises in c, to a certain point, as a. We then replace M by P, and fill 
with water to the same height as 
before. The mercury again rises 
to the point a , as it did with the 
vessel M ; it is evident that the 
pressure transmitted to the mer- 
cury in the direction A B, was the 
same in both cases, proving, most 
conclusively, that the pressure does 
not depend upon the quantity of 
liquid, for the vessels M and P differ 
greatly in capacity. The area of the 
base formed by the surface of the 

mercury, and the vertical height formed by the column of water, were, 
however, the same in both cases, and upon these, as before stated, the 
pressure depends. In the case of a vessel having vertical walls, the pres- 
sure would be equal to the weight of the liquid the vessel contained. 

192. Upward pressure.— -Having shown that pressure in liquids la 
exerted from above, downwards ; it follows, from the law of equality 
of pressure, that a corresponding force is exerted from below, upwards. 
This pressure is made very manifest by the buoyancy experienced when 
we plunge the hand into a liquid* of great density, as into mercury In 
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order to lemonstrate this upward pressure experimentally, a tube of 
glass is taken, open at both ends, fig. 140, having at the lower end a 
disk of glass, B, which is supported by means of a thread from its 
eentre : the whole is then placed in a vessel 
of water and abandoned to itself ; the disk 
remains attached to the end of the cylinder, 
owing to the upward pressure of the water. 

If now the interior tube be carefully filled, 
the disk will not fall until the level of the 
water within the tube is nearly the same as 
that in the outer vessel, proving that the 
upward pressure is equal to the weight of 
the interior column, and therefore that : — The 
upward pressure , in any vessel , is equal to the 
weight of a column of liquid having the same 
base as the cylinder , A, and whose height 
equals the depth of the section below the surface of the liquid. 

193. Pressure on the sides of a vessel . — The 
pressure of a liquid on any portion of a lateral wall , is 
equal to the weight of a column of liquid , which has for 
its base this portion of the wall , and for its height the 
vertical distance from its centre of gravity to the surface 
of the liquid . Thus, in fig. 141, the pressure at the 
height, CD, of the wall is, by J 191, equal to the weight 
of the column AB, since the pressure of this is com- 
municated laterally to all the particles lying on the 

same horizontal plane. c “ 

This lateral pressure increases, of course, with the depth of liquid in 
the vessel. Thus, in fig. 142, the column of liquid A C 142 

pressing with a certain force on Z, the column KF n " 

will press on G, with a force as much greater, as E F is 
deeper than A C. This may he further illustrated by 
plunging the apparatus, fig. 138, at various depths and 
in a horizontal position, the piston will he forced in ' g 

with a pressure corresponding to the depth ; also, if it 
is placed in any position intermediate between the a 

horizontal and vertical, the piston will be similarly 
pressed in, thus showing that pressure, is exerted r- 
equally in all directions. 

194. Pascal’s experiment with a cask. — Pascal made a striking 
experiment at Rouen, m 1647, to illustrate the enormous pressure^ 
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exerted by a lofty column of water contained in a small tnbe. A 
strong cask, filled with water and arranged as in fig. 143, was fitted 
with a small tube about forty feet high. When this tube was filled 
with water, the effect of the pressure transmitted to all parts of the 
cask was sufficient to burst the vessel. 

143 


144 



195. The water bellowB, or hydrostatic paradox. — This familar 

experiment is only a modification (in form) of Pascal’s cask. 

tfho hydrostatic bellows, fig. 144, consists of two boards, B C, and ED, con- 
noctod with leather or India-rubber cloth, A, in such a manner that the upper 
board can rise and fall, like the common air bellows. The tube T E communi- 
cates with the interior of the apparatus. Supposing the tub© to have a crosi 
section of one square inch, and the top of the bellows to have a surface of 100 
square inches, one pound of wuter in the tube would lift 100 pounds on the bel- 
lows, tbo weight of the water acting with a pressure equal to one pound on each 
square inch of the surface. The prossure is proportioned to the height of the 
column of water ; for if wo use a smaller tube, for the same bulk of fluid, the 
height of the column of water will be greater, and will raise a greater weight ; 
if the tube he larger, the column will not bo so high, and will not raise so large 
A weight. 

196. Total pressure on the walls.— In the vessel ABCD fig. 
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145, divide the side A B into 10 equal parts. Supposing the pressure 
at 1 to be one pound, then the pressure at 2 would be two pounds, 
at 3 three pounds, &c., as the intensity of the pressure increases directly 
with the depth. The average intensity of pressure would be found at 
the 5th division (or a point midway between the 1st and 10th), and the 
total pressure on the walls would be the same as if it sustained the 
average intensity over the whole lateral surface, and therefore the total 
pressure upon a wall of such a vessel, is equal to the weight of a column 
)f the liquid whose base is equal to the area of the side, and whose height 
is equal to one-half of the depth of the liquid 
in the vessel. This is true, whether the vessel 
be vertical or inclined in any direction. In 
the case of a cubical vessel, this pressure on 
one side would be equal to one-half the 
weight of the liquid contained in the vessel. 

Total pressure on the bottom and sides of a vessel. — The 

total pressure exercised on the bottom and sides of a vessel, is much 
greater than the weight of the liquid contained in the vessel. In the 
case of a cubical vessel, the pressure exerted on the bottom is equal to 
the whole weight of the liquid (191), the pressure exerted on each side 
boing equal to half the weight of the liquid on the four sides, it is equal 
to twice its weight, consequently, in a cubical vessel the entire pres- 
sure exerted on the bottom and sides is equal to three times the weight of 
the contained liquid. 

Table , showing the pressure in pound h, per square inch, and square fcot t produced 
by water at various depths. 



Depth In feet. 

Presaure per aquare Inch. 

Preaaurc per aquare foot. 

1 

0*4328 

62 3232 

2 

0*8656 

124*6464 

S 

1*2984 

186*9696 

4 

1*7312 

249*2928 

5 

2*1640 

311 6160 

6 

2*5968 

373*9392 

7 

3*0296 

436 2624 

8 

3*4624 

498 5856 

9 

3*8952 

560 9088 

10 

4*3280 

623*2320 


By aid of the above table, the pressure of water on any surface of a vessel 
containing it, can bo determined. As, for example, the pressure of water on a 
■quare foot, at the bottom of a vessel twenty-three foot in depth ; at two feet, 
the pressure is 124*6464; at twenty feet, ten times as much; — 1216*464; 

16 * 
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Him feet, 196*9696, and 1246*464 -f 186*9696 = 1433*4336, the pressure of water 
on a square foot of surface, at a depth of twenty-three feet 
That the pressure produced at great depths is really immense, can be shown 
by confining a piece of wood at great depths in the sea. The pressure forces 
the water into the pores, so that it will Dot be capable of floating afterwards. 
A bottle, the body of which is square, if tightly corked and lowered into the 
sea, will be broken by the pressure. If the body of the bottle is strong and 
cylindrical, the cork will be forced in. Below a certain depth, divers oanno« 
penetrate, aDd the Bame may, perhaps, be true of fishes. 


197. The centre of pressure upon any surface immersed in a 
fluid is the point of application of the resultant of all the pressures 
acting upon it. 

If the pressure of a fluid upon an immersed surface were the same 
at all depths, the centre of pressure would he at the centre of gravity 
of the surface. But as the pressure increases with the depth, the centre 
of pressure will always be below the centre of gravity. 

The centre of pressure in an i miner sed surface , or in the side of a 
vessel containing a fluid, is a point to which a force equal and opposite 
to the resultant of all the pressures must be applied to keep the surface at 
rest. 

The position of this point, for various regular surfaces, has been 
determined by the calculus. 

The centre of pressure of a rectangular surface, vertically or obliquely 
immersed, so as to have one side in the surface of the liquid, is in a line * 
joining the centres of the superior and inferior bases, and at a distance 
from the inferior base, equal to one-third the height of the rectangle. 
In fig. 146 the point C, in the line A B, distant from B one-third of 
AB, is the centre of pressure. 



When the immersed surface is a triangle having one side horisontal, 
and the apex in the surface of the fluid, the centre of pressure is in a 
line joining the apex and the centre of the horizontal base at a distance 
from the centre of the base equal to one-fourth the bisecting line. 
The centre of pressure in the triangle, fig. 147, is at c, distant from B 
cue-fourth of the line A B. 

When the base of the triangle lies in the surface of the fluid, the 
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centre of pressure is midway between the apex and the centre of the 
base, as at c, fig. 148, which is equidistant between A and B. 

198. Pressures vary as the specific gravities of liquids. — Twc 
liquids press on the same area and at the same depth , directly in the ratio 
of their specific gravities . We have seen (191) that the pressure exerted 
on the base of a vessel having vertical walls is equal to the weight of 
the liquid the vessel contains. Plainly, therefore, the pressures exerted 
on the base of two equal vessels filled with equal volumes of liquid of 
unlike density will vary directly with their specific gravities; or repre. 
senting the pressures in the two cases by P and P / , and the spocifio 
gravities by (Sp. Gr.) and (Sp. Gr.)', we have 

P: P' = (Sp. Gr.) : (Sp. Gr.)' 

III. EQUILIBRIUM OF LIQUIDS. 

199. The conditions of equilibrium in liquids. — The joint effect 
of gravitation, and of the perfect mobility of the particles of a liquid, is 

1. That the surface of a liquid at every point must he perpendicular to 
the direction of gravity , i. e., it must he horizontal or level. 

This principle, first distinctly enunciated by Archimedes, follows from 
the nature of gravitation, which acting on a body free to move, causes 
its centre of gravity to descend as low as possible. It is only when the 
surface is 'horizontal that all the particles of the fluid mass are equally 
solicited by the force of gravity. 

The inequalities of the solid surface of the earth exist, because 
cohesion is opposed to gravitation. Otherwise the mountains would 
sink, and the valleys rise, until the whole mass had a uniform level. 

By this principle a surface of water is perfectly horizontal only when 
its area is so limited that the direction of the 
forces of gravity can be regarded as parallel at 
each point. If an observer is stationed at 0, fig. 

149, and 0 A is one mile, the subtense of curva- 
ture ( AB or DE) is eight inches. But 0 C and B C 
are lines perpendicular to the points 0 and B, and 
fcre therefore plumb lines (GO), and hence tho surface E OB is a ppheri* 
cal surface. In other words, we reach the moro general principle: — 

That the resultant of all the forces acting at any point on the surface 
of a liquid mass , when in equilibrium , must be normal to the surface at 
that point. 

It follows from this again 
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2. That every liquid mass, when in equilibrium , can be considered 
made up of an infinite number of very thin layers , sustaining at 
points the same pressure , and , at each point of surface , normal to all 
forces there acting. 

200. Equilibrium of liquids when freed from the influence of 
gravity. — It follows, as a consequence of the last principle, if a mass 
of liquid is freed from the influence of gravity, and abandoned undis- 
turbed to its own molecular attractions, that it will assume a spherical 
figure; since then the sphere is the only form which can satisfy the 
conditions of equilibrium. This theory is most beautifully demon- 
strated by a celebrated experiment called — 

The experiment of Plateau, who conceived that the influence of 
gravity wight be avoided by suspending a mass of oil in alcohol, 
diluted to exactly the density of the oil. This conception is perfectly 
realized by experiment. By care and certain precautions to secure 
clearness in the liquids, a considerable sphere of oil may be suspended 
in any part of the alcoholic mixture, and hy a wire arranged to rotate 
as an axis, and about which the sphere of oil readily arranges itself, 
the oblate figure of the earth, the appearance of satellites, or even the 
rings of Saturn, may be imitated in a most instructive and striking 
manner. 

The spherical form of drops of rain or dew, and the globular drops 
of mercury, are referable to the conditions of fluid equilibriujn. 

201. Equilibrium of a liquid in communicating vessels. — If 
two or more vessels communicate with each other, the liquids in both 
or all the vessels stand at the same level. This law rests upon the fact, 
that tho pressure of liquids at equal depths, 150 

is equal in all directions. If the fluid stands 
at a higher level in one vessel than the other, 
the particles of the former exert a greater 
lateral pressure on the channel of communi- 
cation than the other can ; these particles are, 
therefore, continually pushed upwards, until 
they exert an equal and opposite pressure, 
which obtains when the columns are at an 
equal height. The effect is the same, what- 
ever may he the size and number of the ves- 
sels. Fig. 150 represents a number of vessels 
of different shapos and capacities, connected with a common reservoir; 
if we pour water into one of them, it will rise to the same height io 
the other vessels. 
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202. Equilibrium of liquids of different densities in comma- 
oioating vessels. — When two liquids of different densities are plaoed 
in communicating vessels, their surfaces 151 

will not rest at the same point or level ; 
for in communicating vessels , the heights 
of the liquid columns are in the inverse 
ratio of the specific gravities of the liquids. 

If mercury is first poured into the lower 
part of the apparatus, fig. 151, and the 
tube AB is then filled with water, this 
liquid will exert a pressure on the mercury, 
causing it to be depressed in A B, and to rise 
in the other tube. Measuring the height 
of the columns of mercur}', C I>, and water, ? 

AB, which are in equilibrium, they will ’ 
be found to be as 1 to 13*59. These num- 
bers represent the densities of water and mercury. 

Demonstration. — Let S represent the surface of the mercury at It, ami II 
be the height of the column of wuter, It A, and Sp. (Sr. tho specific gravity of 
water; then, by g 198, the pressure on the surface is P ~ S II {Sp. Ur.) for tho 
column of water, and for the mercury, C I), it is P* ™ S' IP (Sp. Ur )' IJui 
by ; 189 equilibrium can obtain only when tho pressures exerted on 11 and C 
are proportional to the area of those surfaces, or where P : P* =. S : S'. Sub- 
stituting the value of l* and P' t it follows that 

H(Sp. Ur.) = H’ (Sp. Or.)' 



II : IP — - (Sp. Ur.y : (Sp. Ur.) 

In other words, the columns aro in equilibrium when their heights are 
inversely as their specific gravities, which was to be proved. 

203. The spirit level. — Since by \ 199 the surface of a liquid at 
rest is always horizontal, we have thereby a ready means for determin- 
ing the horizontal line by use of the spirit level. This instrument is a 
glass tube, A B, fig. 152, very slightly curved upwards, nearly filled 
with alcohol, hermetically 152 

sealed and sheathed in 
brass, C D. Tiio small 
bubble of air, M, always 
rises to occupy the high- 
est point of the apparatus. 

The base is carefully ad- 
justed, so that only when 
the instrument is placed horizontally, d)es the bubble remain in the 
lentre, at a fixed mark. 
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204 Artesian wells. — All springs and fountains are examples 
of the Jaws of equilibrium of liquids in communicating vessels. 
Among similar phenomena, artesian wells are the most remarks** 
ble examples. These are wells (named artesian from the ancient 
province of Artois in France, where they were early made, although 
known long before in China), bored into the earth's crust, often to a 
great depth. The crust of the earth consists often of various bedB or 
strata, some pervious to water like sandstones, and others, like clay, 
impervious. 

Fig. 153 presents an imaginary section of a portion of the earth’s crust, 
containing two impervious strata, A 13, C D, and one pervious stratum, 
K K. Let these Btrata reach the surface in elevated land, and wo 


153 



have thus a basin into which the meteoric waters filter and from whicn 
they cannot escape, being confined by the impervious strata already 
named ; now an artesian boring in the valley 11, will reach the impri- 
soned water after passing A B, and the water will be thrown up in m 
jet, the height of which will depend on the elevation of the edges of 
the basin, which may come to the surface in lofty hills hundreds of 
miles away from the well. 

A well of this kind was sunk at Louisville, Ky., in 1857-8, to the great depth 
of 2086 feet (Dupont's well), which delivers, through a bore of 13 indies, over 
three hundred thousand gallons of sulphuretted mineral water in 24 hours, at 
170 foot above the surface, with a constant temperature of 764° F. (824° at the 
bottom). (Am. Journ. Sei. [2] xxvii. 174.) Belcher’s well in St. Louis is 21W 
feet deep, and yields also sulphuretted water; while the famous Qrenelle well 
in Paris is 1800 feet deep, and yields daily 600,000 gallons of soft water, warm 
enough to answer the purposes of the great slaughter-houses surrounding it. 
Artesian wells have lately been successfully bored in the African desert on the 
great earavan route. 

IV. BUOYANCY OP LIQUIDS. 

205. Theorem of Archimedes. — Solids immersed in liquids O/rs 
buoyed up by a force equal to the weight of the liquid displaced. 
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This very important principle was discovered by Archimedes, about 
230 years b. c., an i is called after him, the Principle of Archimedes,* 
Its correctness is proved by means of the hydrostatic balance, from 
one of the arms of which (fig. 154) is hung a hollow cylinder, oi 
bucket, A, having a cylindrical mass of copper, B, exactly fitting into 
it, and suspended from it by means of a hook. Having exactly coun- 
terpoised the beam by weights on the other arm of the balance, fill up 
the glass vessel with water, until the cylinder B is wholly immersed. 
The cylinder will then appear to have lost weight, the other arm going 
down. If the bucket, A, is now exactly filled with water, the equili- 
brium will be restored ; proving that the weight lost by the immersed 
body is equal to its own bulk of water. 

The same is true of any liquid whatever. It is also true, however, 
that the weight lost in this case by the cylinder must, as a necessary 
result of the law of action and reaction, be gained by the water in 
the vase. 

This fact is illustrated by arranging the apparatus as seen in fig. 155. 
After first balancing the vase of water, the cylinder B is suspended in 
164 it from a separate support C. The vase then 

appears to have gaiued in weight, and it will 
bo found requisite in order to restore the equi- 
librium to remove therefrom enough water 
exactly to fill the cup A. 

166 





The theorem of Archimedes ia a necessary consequence of the m* 
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oh&nical condition and laws of equilibrium of liqu.ds, and of the 
impenetrability of matter. The whole immersed body is buoyed up 
by a force equal to the resultant of all the forces normal to each point 
of its surface, that is by a force equal to the weight of the liquid which 
it displaces. 

206. Another demonstration of Archimedes’ principle.— Con- 
ceive a cube A B, fig. 156, of water for example, say one cubic inch cr 
a cubic centimetre in bulk, isolated and 
sustained in its position by the pressure of 
the surrounding particles — such being the 
condition of equilibrium existing among 
the particles of liquids at rest (199). 

Hence it is evident that the weight of the 
ideal cube A B is sustained in its position 
of equilibrium by a buoyant force exactly 
equal to its own weight. If A B is now 
solidified by any cause which does not 
change its volume, it is evident that the 
conditions of its equilibrium also remain 
unchanged. We may therefore replace it 
by any other substance of whatever weight, 
having the 'same dimensions, and the new solid will still be buoyed up 
by a force equal to the weight of the ideal cube of water, or of any 
other liquid in which it is immersed. 

The form of the body is evidently immaterial, and therefore it fol- 
lows, as before, that a body plunged in a liquid is sustained by a power 
equal to the weight of the liquid displaced. 

Floating bodies. — Accepting the Theorem of Archimedes, it follows, 
that if the immersed solid be of the same weight as the displaced fluid, 
the former will remain at rest in the fluid, in any position in which 
it may be placed, the upward pressure exerted upon the solid being 
equal to its own weight. 

Since the specific gravities of any two substanoes are to each oth^r 
as the weights of equal volumes of these substances (99), it follows that 
any homogeneous solid will float when its specific gravity is less than that 
of the liquid, and that it will sink when these conditions are reversed 
Hence, iron sinks .in water, but floats on mercury; some woods 
which float on water will sink in oil or alcohol ; while oak, which floats 
on Balt water, will sink in fresh water. But if the iron is fashioned 
into a thin-walled vessel, and the dense woods into hollow boxes, 
they will then float on the same liquids in which they before sank, 
because their volumes have been increased, respectively, without in* 
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erasing their weight, end they float because each displaces a volume 
of water greater in weight than the weight of the floating body, 

Examples illustrating this principle are of familiar occurrence. Iron 
«. p., the Great Eastern — float as buoyantly as ships of wood, and have besides a 
▼ast capacity for floating their heavy machinery, coal, and eargo. The problem 
of weighing a ship and cargo resolves itself into a question of mensuration of 
the volume of water displaced by her. 

CamtU are tanks of iron or wood, whioh are first filled with water, and after 
being secured to the sides of loaded vessels the water is pumped out. when their 
buoyancy aids the vessel in floating over a bar, or in shallow water. 

Floating dock*, so much in use in the seaports of the United States, are similar 
oontri vances by aid of which the heaviest anl largest ships are aafely raised en- 
tirely out of water for repairs. The elevating foroo is solely the buoyancy of large 
sectional tanks previously sunk beneath the vessel, and then pumped out by 
steam-engines. 

Cartesian devil . — This hydrostatic toy, known also as tbo ludeon, exhibits the 
principle just stated. It consists of a small gloss or 
enamel figure, fig. 157, at whose bead is fixed a bulb of 
glass having a small opening, 0, beneath. It is filled 
with water to such an extent, that when placed in the 
cylinder of water as represented, it just floats. Over the 
mouth of the vessel is tightly fixed a piece of caoutchouc. 

Pressure exerted by the thumb on tho caoutchouc will bo 
conveyed through the water to the air contained in the 
bulb 0. Sufficient, water will thus enter 0 to render the 
specific gravity of the apparatus heavier than that of 
water, when it sinks. Ou removing the pressure, ex- 
pansion of the air in 0 expels the water which was pre- 
viously forced into it, and the apparatus risos. By a 
contrivance similar to this, tho beautiful nautilus shell 
rises, to float upon tho surface of the sea, or sinks again 
at pleasure, by a voluntary contraction or expansion of 
an internal cavity. 

Finhe* arc bodies floating in a state of equilibrium, when immersed in thoir 
own element. But in order to preserve this state at different depths, they havo 
an air bladder , by contracting or expanding which, thoir bodies acquire tha 
moan density of the water in which they are. 

207. Equilibrium of floating bodies. — In order that a floating 
body may be in equilibrium it is necessary : First, That tho weight of 
the fluid displaced should he equal to the weight of the floating body: 
Hecond, That the resultant of all tho upward pressures of the liquid 
sliculd act in the vertical line, passing through the centre of gravity of 
the body. 

As the weight of a body may be considered as acting at a single 
point called the centre of gravity, so the upward pressure of a liquid, 
acting upon a body immersed in it, may be considered as acting in a 
single point which will he the centre of gravity of the fluid displaced. 
This point is evidently different from the centre of gravity of the body, 
' 17 
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End may therefore appropriately be called the. centre of buoyancy, In 
a homogeneous solid this point is always below the centre of gravity 
when the body floats, and coincides with it when the body sinks. Let 
abed, fig. 158, be a homogeneous solid, 

0 will represent the centre of gravity 
of the body, and P the centre of buoy- 
ancy, or upward pressure, situated at 
the centre of gravity of the liquid dis- 
placed. 

Wheu the floating body is not homo- 
geneous the centre of gravity may be 
below the centre of buoyancy, as in the 
case of a ship having ballast or heavy 
cargo stowed in the hold. 

Let the floating body take the position shown in fig. 159, the force 
of gravity will act at G in the direc- 
tion G r,*but the upward pressure will 
act from a new centre of buoyancy, 

P', at the centre of gravity of the 
displaced fluid, and in the direction 
P / q. This force being equal to the 
force of gravity and parallel to it, but 
acting in an opposite direction, the 
two forces form a couple (48), and 
tend to rotate the body till the two 
forces again act in the same vertical 
line. 

When the centre of gravity and centre of buoyancy are in the same 
vertical line , the foaling body will be in equilibrium. 

This equilibrium may be neutral , or the same in any position of the 
floating body ; unstable w: m by any movement of the body the centre 
of gravity descends : — or stable equilibrium when movement of the body 
in any direction causes the centre of gravity to ascend. 

Neutral equilibrium. — A sphere of uniform density floating in% 
liquid is an example of neutral equilibrium, because, whatever position 
it may assume, the part immersed is a segment of a sphere of the same 
magnitude and form, and no alteration can be effected in the relative 
positions of the centre of gravity and the centre of buoyancy. 

Unstable equilibrium. — Let abed , fig. 160, represent a rectangular 
prism of uniform density, floating on one end, the centre of gravity 
be : ngatG, and the centre of buoyancy or upward pressure being at P. 

Although G and P are in the same vertical line, it is evident that the 
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Equilibrium will bo unstable, because when the body mi ves to any now 
petition, as at fig. 161 , the centra of gravity descends. 

160 161 



Stable Equilibrium. — The centre of buoyancy, or centre of upward 
pressure, may be considered ns the centre of support of a floating body. 
When this centre is above the centre of gravity, the body will evidently 
be in a position of stable equilibrium. It will also be in a position of 
stable equilibrium when the centre of gravity occupies a lower position 
than it would acquire in any other position of the floating body. But 
in such cases the stability of the equilibrium of the floating body iH more 
readily understood by reference to another point called the metacentre. 

208. The metacentre of a floating body in the point where the 
vertical panning through the centre of buoyancy, in the position of 
equilibrium, meets the. vertical drawn through the new centre of buoyancy, 
when the body has turn slightly displaced from this position. 

By reference to figs. lf>8 and 159 it will be seen that G r' or (J q is the 
vertical which passes through the centre of buoyancy in the position of 
stable equilibrium, and V' q the vertical passing through the cent/c of 
buoyancy when the body is moved a little from the position of equili- 
brium : hence, q is the metaeentre related to the position of stable equi- 
librium, and in this ease it is above the centre of gravity. 

^ Referring to figs. 100 ami 161, we see that the metaeentre is at q / , fig 
101, or at a point below the centre of gravity. 

The metaeentre inay also be found by taking the point of intersection of ver- 
ticals passing through the centres of buoyancy in uny two positions near each 
other. 

A floating body will be in stable equilibrium whenever the meta- 
centre is above the centre of gravity, and the degree of stability will 
be in proportion to the distance of the metaeentre above the centre of 
gravity. This depends on the form of the floating body. 

When the cent e of gravity is below the centre of buoyancy, the metacenti* 
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must evidently always be above the centre of gravity, and thii e nditiota it 
always stable. It is also evident that the stability of a floating body increases 
with the breadth of the part submerged. These principles are of great import- 
ance in the construction and loading of ships. The metacentre may be regarded 
as a sort of fulcrum above which is the pressure of the sails, and below the 
weight of the ship. 

Vessels designed for transporting passengers and light cargo require heavy 
ballast of iron or stone placed near the keel, to preserve the equilibrium. On 
tbe other hand, vessels loaded with iron have the centre of gravity so low as to 
cause injurious strain upon the ship, unless the cargo is elevated by cross piling 
or other supports to raise the centre of gravity so as to allow the Bhip to roll 
easily in a heavy sea. The equilibrium of small boats is from the same cause 
often disturbed by the unguarded movements of the passengers. The rolling 
of a vessel in a storm may so shift the position of the cargo, and thus remove 
the centre of gravity, that the vessel may be thrown upon her beam-ends, and 
be lost. 

V. DETERMINATION OF SPECIFIC GRAVITY. 

209. The problem stated.— Methods. — We have already consi- 
dered the relations of density and specific weight to mass and weight 
(9G-99). Most of the methods in use to determine specific gravity 
depend on the principles of hydrostatics just considered, and serve as 
illustrations of them. The problem is: — 

To compare the weight of any body whose specific gravity is sought 
with the weight of an equal volume of water taken 162 

as unity. The specific gravity is found by dividing 
the first weight by the second. 

Methods. — This operation is performed first, 
by the hydrostatic balance; second, by the specific 
gravity bottle; third, by various floating instru- 
ments culled hydrometers or areometers. 

All these methods resolve themselves into special 
cases of the Theorem of Archimedes, g 205. 

210. Specific gravity by the hydrostatio 
balance. — The solid (heavier than water) is sus- 
pended beneath the pan of a balance by means 
of a fine filament of raw silk, and then weighed, 
hanging in air. It is then immersed in water as 
in fig. 1G2, and the weight it loses determined. 

This loss is ecpial (according to the principle of 
Archimedes) to the weight of a volume pf water 
of the same bulk as the immersed body. Sub- 
tracting the weight of the substance in water 
from its weight in air, and dividing the latter 
by the difference, the product will be the specific gravity required 
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Example. — A piece of iron weighed in air 460 grains, in water 401*16 grs. 
Then 460 — 401*16 = 68*84 grs., which equals the weight of a volume of water 
equal to the iron, and 460 68*84 = 7*8 = specific gravity of the iron. 

To make the cose general, let IT bo the weight of the body, and W / 
the loss of weight in water, then by the definition 

(Sp. Or.) — 

The result thus obtained is always to bo reduced to a standard tem- 
perature. 

For solids lighter than water, — If the body whose specific gravity 
is to be determined is lighter than water, it must be attached to some 
solid (whose weight in air and in water is known) sufficiently dense to 
sink it in water. The compound mass is weighed first in air, and then 
in water, and the loss determined, the weight lost by weighing the 
heavy body alone in waiter being known, t ho w T eight of the li^ht body 
in air, divided by the difference between these losses, gives the specific 
gravity. 

Example. — A substance weighed in air 200 grains, attached to a pioeo of 
coppor it weighed in air 2247 grs., in water 1620 grs., suffering a loss of 027 grs. 
The copper itself loses, when woighod in water, 230 grs., 627 — 230 __ 307, thet» 

W 

Sp. Or. = = 200 397 == -604. 

For liquids. — The hydrostatic balance also applies to 
liquids as well as to solids — whether the liquids are denser 
or lighter than water. 

For this purpose a small glass tube is prepared, including 
enough mercury to sink it in any liquid not heavier than 
mercury. It is hermetically scaled, the end bent into a hook, 
and the whole suspended by a very thin platinum w r ire from 
the pan of a balance. Fig. 163 shows this apparatus of full 
size. 

The weight of the volume of water which this system dis- 
places at 60° F. (or at 4° C.) is first determined by the inode 
described for solids. This is a constant quantity, and may 
be called C. If the tube is now immersed in another liquid, 
as in alcohol for example, it will require a certain weight to 
restore the equilibrium (the weight of the tube and mercury 
is supposed to be counterpoised in each case by a constant 
weight prepared for the purpose). The amount of this 
weight, W (required to restore the equilibrium), is the weight of a 
volume of the l/quid displaced by the tube. But the weight of the 
17 * 
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lame volume of water is known ( C .) Hence the specific gravity of ibe 

r m- W % 
liquid 18 -gr. 

Example. — A glass tube, like fig. 163, lost in water 2*9910 grains = O t in 
W 

alcohol it lost 2*4081 = W. - - = *80511 = Sp. Or. of the alcohol. 

G 

211. Specific gravity bottle.— For liquids.— When it is required 
to determine the specific gravity of a liquid, the specific gravity bott 1 . 
offers, the easiest and most simple method. Such 164 


a bottle is shown in fig. 164. It is closed by a 
ground glass stopper, and the neck is drawn out 
to a fine tube (the upper portion of which serves 
for a funnel in filling the bottle), upon which, at 
A, is traced a fine line to which the bottle is to be 
filled at each experiment. The tare of the bottle 
is accurately determined and noted once for all. 
It is then filled to A with pure water and weighed 
again. This weight less the tare gives its capacity 
of water at a fixed temperature. To determine 
the specific gravity of any other liquid, the bottle 
is filled with it and weighed as before. Deducting 
the tare of the bottle, w r e now know the weight of 
a volume of the liquid equal to the same volume 
of water. Representing theso two weights by W' 

W 

and W t wo have (Sp. Gr.) — In all cases, 

the result must be reduced to a standard tempera- 
ture as describe! in the Chapter on Ileat. 

For solids , when broken in small fragments, 



we may also use the specific gravity bottle. In this case the weight 
of the bottle when enq v, and also when filled with pure water, being 
known, a known weight of the solid in fragments is 165 


introduced, as in fig. 165. Calling the weight of the 
bottle and water — Wa , and the weight of the solid added 
and the weight of the bottle solid and water Wb, it is 
plain that the weight of water displaced by the solid is 
jys — Wa jy — wb, and that the specific gravity of 
the solid is 


This value must be corrected for temperature as before. 
For solids soluble in water we must employ some liquid 
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in which the substance is insoluble, as alcohol, oil cf turpentine, Ac. 
The specific gravity thus determined is reduced to the staudard of water 
by multiplying it by the known density of the liquid employed ; thus, for 

3. — A substance soluble in water was weighod in oil, and its spocifl) 
gravity, compared with the oil, was 2 6, the specific gravity of the oil was *87 f 
then 2 6 X *87 = 2-262 the specific gravity of tho substance. « 

212 Specific gravities by hydrometers or areometers. — In 
this mode the balance is replaced by floating bodies called hydrometer t 
or areometers. There are two classes of these instruments, namely, 
flidt, hydrometers with a constant volume ; and, second, hydrometers with 
a constant weight . 

1. Nicholson's hydrometer or areometer is an instrument of the 

first class, used for determining the specific gravity of solids. It consists 
of a hollow cylinder of metal or glass, B, fig. 106, having attached at 
its lower end a cone, C, loaded with lead, which causes the apparatus 
to assume an upright position when placed in water. 166 

The upper part of the cylinder is terminated by a 
slender rod, on the end of which is a small pan, A, 
for holding weights. The whole apparatus must 
have a less specific gravity than water, ho that a 
certain weight, represented by C, must bo put in the 
pan to sink tho areometer to the water mark, 0. If 
we wish to determine the specific gravity of a solid 
(whose weight must be less than C ), we place it in 
the pan A, and add weights until 0 is brought to 
the level of the water. The weight C. , minys tho 
weights last added, will be the weight of the body 
in air. It is now taken from A, and placed in C ; the 
additional weight now required to sink the cylinder 
to the index, 0, will bo the weight lost in water. 

We have now the data for determining the specific gravity of the solid. 

For example, if the counterpoise weighed 250 grs., and a mass of 
lead whose specific gravity we wish to ascertain, requires, when placed 
in A, 50 grs. to be added in order to bring the hydrometer to tho point 
O, then (250 — 50) 200 is the weight of the lead in air; placing now 
the lead on C, we find that it requires the addition of 17*47 grs. on A, 
in order to counterbalance the instrument; consequently the specific 
gravity of the lead is 11*45. = 1145. If the substance is lighter 

than water, it is confined under a perforated cover or wire *mgo placed 
*>n C, which prevents its rising. 
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If we represent these successive weights by C f W, and W\ then 
any case 


(Sp. Gr.) = 


C— W 
m • 


in 


a. Fahrenheit* hydrometer is the same instrument (omitting the lower pun) 
constructed of glass and designed to measure the specific gravity of liquids. 
Knowing (by the balance) the constant weight ( C) of the instrument, anc aisc 
the weight (c) required to sink it to n fixed point on the stem — the sum of which 
weights (by 210) is equal to the weight of the water displaced, tye bnve only 
to float it in any liquid whose specific gravity we would ascertain, and note the 
weight, W , required to sink it to the fixed point on the stem. The weight of 
the liquid displaced is then C -f- W , and Bince C -f- c and C -f- 11' uro the 
weights of equal volumes of water and of the liquid, the specific gravity nf the 
liquid is found by dividing tlio latter bv the former, or (Mp. Or.) = {C {- IT) — - 

(C i «•) 

h. Jtau**ean'* hydrometer ig a form of this instrument adapted to determining 
the specific gravities of liquids of which we possess too small a portion to float a 
common hydrometer. For this end, a cup of glass replaces the pan A, which holds 
say one cubic centimetre. Thus loaded, the instrument sinks to a p .hit marked 
20° near the middle of the stem. The stem is divided between this point nod 
fero into twenty equal parts, eac h of which consequently measures one-twentieth 
of a gramme or 0*05 gramme. The specific gravity of a liquid is then found by 
this instrument by multiplying 0*05 by the number of the division to which it 
•inks when loaded with one cubic centimetre of the liquid used. 

2. Gay Lussac's and Beaume's hydrometers u.re instruments 
having a constant weight, and by which we determine the specific 
gravity of a liquid by measuring the volume of fluid displaced by the 
floating instrument — which weight, as we htnc seen, is the same as the 
weight of the instrument itself. But wc have shown (00), that for 
equal absolute weights the specific weight is inversely as the volume or 
(Sp. Gr.) = P r, where P equals the volume of water displaced by 
the instrument, and Tthe volume of any other liquid displaced by it. 
In other words, we can find the specific gravity of any liquid by divid- 
ing the volume of a given weight of water by the volume of the same 
weight of the liquid whose specific gravity is required. 

Instruments of this class are yery common and in constant use for 
determining the specific gravity of alcohol, acids, alkaline solutions, 
urine, milk, and many other liquids. Figs. 167 and 168 show the form 
of Gay Lussac’s densimeter , as it is often called. It is a glass tube con- 
taining enough mercury in the lower end to cause the tube to float in 
pure water at the hundreth division of a scale of equal parts traced on 
paper and sealed up inside the tube. If it displaces 100 measures of 
water, floated in sulphuric acid it displaces only 54 measures, and 
therefore the specific gravity of sulphuric acid is 100 54 ~ 1*85 
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For fluids lighter than water, the graduation is carried up say 
(as we know of no liquid of a tass specific gravity than 
placed in pure alcohol it rises say to 125 degrees, or 
the specific gravity of alcohol is 100 125 — 0*80, 

By giving the instrument the form shown in 
fig. 168, much needless length is saved on the 
stem, since the ball is so placed as to he always 
immersed, and its buoyancy is equal to that of a 
much greater length of tube. The scales are also 
usually divided among the instruments — one for 
liquids lighter than water, one for specific gravities 
from 1* to 1*33 (corresponding to 100 to 75), and 
another reading from 75 (corresponding to 1*33) at 
the top down to 50 (corresponding to 2*06) near its 
middle. These instruments arc not of scientific accu- 
racy, but are ready modes of determining off-hand 
the approximate specific gravity of a given liquid. 

The scales of Beaum6 (that most in use), as well 
as those of Cartier and Beck, are purely arbitrary. 

Tabic V. at the end this volume shows the corres- 
pondence of their degrees to real specific gravities. 

Table VI. gives the specific gravity of some of the 
more frequently occurring liquids and solids. 


to lGfi 
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{ 2. Hydraulics. 

I. MOTION or LIQUIDS. 

213. Definition. — Hydraulics (from the Greek bflmp, water, and 
ai a pipe), is that part of hydro-dynamics which treatR of tlif flow 
and elevation of liquids, especially water, and the construction of all 
kinds of instruments and machines for moving them, or to be rnovrd by 
them. Hero of Alexandria (about 130 «. c.) appears to have been 
the earliest author on this subject. 

214. Pressure of liquids upon the containing vessel.— A vessel 
filled with water, or any other liquid, and closed, is subject to two pres- 
sures acting in opposite directions : namely, 1. The atmospheric pres- 
sure, acting from without inwards ; and 2. The pressure of the column 
of contained liquid acting against the walls. If a vessel so situated is 
pierced, and the pressure from within outwards is stronger than the 
external pressure, the liquid will flow out ; but if the external pressure 
ie the stronger, the liquid will not escape. 
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Thif statement may be illustrated by filling a glass vessel, as a wine glass, 
with water, placing a piece of paper over its top, and supporting tbc paper with 
the hand, at the same time inverting the glass; then removing the hand from 
the paper and holding the glass inverted, the fluid will not escape, the external 
(atmospheric) pressure against the paper being greater than the weight ol the 
column of water pressing downwards. 

The mass of liquid escaping from an orifice in a vessel, is called a 
vein. 

215. Appearance of the surface during a dis- 
charge. — The surface of a liquid, discharging itself 
from an orifice in a containing vessel, does not usually 
remain horizontal. 

When the vein issues from au opening in the bottom 
of the vessel, and tho level of the liquid is near the ori- 
fice, a funnel-shaped depression is found in the liquid, 
fig. 169. If the liquid has a rotatory movement, the 
funnel is formed sooner than if it is at rest. If the 
orifice is at the side of tho vessel, there is a depression 
of the surface upon that side, above the orifice, fig. 

173. These movements depend upon the form of the 
vessel, the height of the liquid in it, and the dimensions 
and form of the orifice. 

216. Theoretical and actual flow. — The actual 
now from an orifice, is the volume of liquid which 
escapes from it in a given time. The theoretical flow is a volume 
equal to that of a cylinder which has for its base the orifice, and for its 
height the velocity, furnished by the theorem of Torricelli. That is, 
the theoretical flow is the product of the area of the orifice multiplied 
by the theoretical velocity. 

It is, however, observed that the vein escaping from an orifice, con- 
tracts quite rapidly, so that its diameter is soon only about two-thirds 
of the diameter of the orifice. If there was no contraction of the vein 
after leaving the orifice, and fts velocity was the theoretical velocity, 
the actual flow would bo the same as that indicated by theory. But the 
section of tho vein is soon much less than at the orifice, and its velocity 
is not so great as the theoretical velocity, so that the actual is much 
less than the theoretical flow ; and, in order to reduce this to the £r>t, 
it is necessary to multiply it by a fraction which is named “ tho oo-offi- 
cient of contraction.” 

From comparative experiments, made by a great number of observers, 
the actual flow has beea determined to be only about two thirds of the 
theoretical flow. 
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Practically, the flow, F, in a unit of time, is calculated by the formula F mm 
wr», where in is a constant, representing the ratio between the actual and theo- 
retical velocity or flow; in other words, between tho area of the orifice and the 
area of tho section of greatest contraction in the vein. This coefficient of con- 
traction, m « 0-62 ; and thus the above formula bocowcs 

F = 0*62. # 1 /2^7/ = 2-7 bty'H. 

: the sectional area of the orifice. 

The contraction of the vein is most noticeable in downward flowing 
jets. If the jet is thrown upwards, at an angle 171 

of 25' to 45°, the vein preserves its own diameter; 
but if it surpasses 45°, its section increases. 

By suspending solid particles in the water, the cur- 
rents that nre formed by an escaping vein aro made 
visible. The solid particles direct themselves, in curved 
lines, towards and into the orifice, as a centre of attrac- 
tion, fig. 171. The particles in immediate contact with 
the orifice, owing to friction, not moving so easily as 
those ne&r tho axis, contraction tnust result; we can geo 
also, that gravity, by accelerating the velocity, must cause continual decrease 
in the section of the jet, 

217, Reaction of the escaping vein.— Barker's mill,— When a 

jet of liquid escapes from an orifice in a containing vessel, the pressure 
of the liquid upon the walls at the point of 
escape finding no counteracting force, tho 
horizontal component of the column is not de- 
stroyed as when the opening is closed ; and this 
force reacts to thrust the vessel in a direction 
opposite to that of the escaping vein. 

This reaction is made sensible by suspend- 
ing tho containing vessel on a free vertical 
axis, as in the apparatus known as Barker's 
Mill, fig. 172. The orifices of escape for the vein 
are here in the ends of a horizontal pipe bent 
at right angles, and in opposite directions, 
formed os seen at AB, where tho arrow 
shows the point of reaction of the escaping 
vein upon the end- wall of the tube. ^ 

It might be supposed, as was assumed by Newton, that the moving 
t%rce in this case was only the horizontal component of a force oqual 
to a coiumn of liquid whose base was equal to the area of the orifice, 
and whose height was the distance of its centre of gravity from tha 
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level. But the effects from pressure are not the same for a liquid in 
motion os when in equilibrium ; and D. Bernoulli has demonstrated — 

That it is, in this case, requisite to estimate the force of reaction as 
double the height of the liquid above the centre of gravity of the orifice. 

This principle is applied in the construction of reaction water* 
wheels. 

218. Plow. — The volume of liquid escaping in a given time from an 
orifice is called its fiow. This depends on the size of the opening and 
the velocity of the jet. Assuming the motion of the jet to be uniform 
for a given time, say one second, the distance passed over by an escap- 
ing molecule in this time is called its velocity. The velocity depends 
chiefly on the height of the liquid above the centre of gravity of the 
orifice; this height is called the head or column. 

The velocity of flow is modified among other causes also by the friction of the 
liquid, both at tho opening and against the walls. When the aperture is made 
in a very thin wall of a large vossel, so as to reduce as much as possible the 
oauses tending to modify the motion of the escaping fluid, the laws of the escape 
are comprised in the following theorem, announced by Torricelli, in us a 

consequence of the law of falling bodies discovered by Galileo. 

219. Theorem of Torricelli. — Liquid molecules, flowing from an 
orifice, hare the same velocity as if they fell freely in vacuo, from a height 
equal to the vertical distance from the surface of the liquid to the centre 
of gravity of the orifice. 

If II represents the height of the head above the centre of gravity 
of the orifice, then the velocity is expressed by the formula * 


Deductions from the Torricellian Theorem. — 1. The velocity 
depends on the depth of the orifice from the surface, and is independent 
of the density of the liquid. 

Water and mercury in vacuo would fall from the same height in tho 
same time; and so escaping from an orifice at the same depth, below 
the surface, would pass out with equal velocity ; but mercury being 13*5 
times as heavy as water, the pressure exerted at the aperture cf a vessel 
filled with mercury, will be 1 3*5 times as great as the pressure exerted 
at the aperture of a vessel filled with water. 

2. The velocity of flow of liquids from an orifice is as the square roots 
of the head . * 

Thus, stating the velocity of a liquid escaping from an orifice one foot 
below the surface, to be one; from a similar orifice, four feet below the 
surface, it will be two; and at nine feet, three; at sixteen feet, four; and 

soon. 
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Lot U represent the height of the liquid above the orifice, g the Moderating 
force of gravity, and v the velocity of discharge ; we shall have v = ^ 2gif, 

220. Demonstration of the theorem of Torricelli. — The theorem 
of Torricelli may be demonstrated by means of the apparatus shown 
173. 


A cylindrical vase, a e, enlarged into a reservoir at the top, is filled with water, 
fu the side of the vase are orifices, k, 1, »», n, o, so situated that m is at the 


centre of « c, and k and o are equidistant 
from ///, as arc also l and w. Let x repre- 
sent the horizontal range of a spouting 
jet. and y the height of the orifice above 
the horizontal line a h , lot II he the 
hoi 'lit of the water above the orifice, 
a~d a the angle of elevation of the direc- 
tion of tho jet as it issues from the orifice: 
then by the laws of falling bodies (71), 
roTi.;,ined with the laws of projectiles 
• we shall liavo 

x v t cos. a, and y — \gt 7 — vt sin. a. 
Eliminating t from these equations, we 
obtain 


(i.) y = 


<JX 


2 1 ' 2 cos. 2 a 


-x tang. a. 
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When tho water issues horizontally from 

gv* 

the orifice, a becomes zero and y = ■■ ■ 

2«r 



and 


(20 



The v&lnos of x and y being determined by observation in any case, the value 
of r, or the velocity with which tho jet issues from tho orifice, is readily calcu- 
lated by formula (2). This velocity is found to accord very nearly with the 
velocity which a body would acquire in fulling freely from a height equal to the 
head of the fluid above the orifice. 

liossuet found by using mercury that the variation from this value of v wai 
less than one hundredth part of the velocity. 


There is a remarkable consequence of this law which may easily be 
verified by experiment. In the formula for the value of x replacing ft 
by its value 2yII we * iave ~ 4//y. 

(а) . The value of x is the greatest possible when H - ~ y — \ac $ os is 
shown in the figure, where the jet issuing from the centre of the cylinder 
has a greater range than any jet either above or below the centre. 

(б) . Since y = ac — H, the values of y and H may be interchanged 
without altering the value of x; that is, two jets iasuing from orifices at 
equal distances above and below m meet the horizontal lino ab at the 

18 
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same point as is shown in the figure where the jets issuing from k and 
o have the same range, and also the jets l and n. 

The value of x and y being determined by observation, the value of e, or the 
velocity of the jet, becomes known by the formula (2). 

221. The inch of water named by hydraulic engineers as the unit 
of measurement in the scale of water, is the volume of water which 
escapes in a given time, say one minute, through an orifice of one inch 
diameter whose centre is one and one-twelfth inches below a constant 
surface. 

Phony has harmonized this unit with the French metrical system by employ 
log a pipe ol‘ two centimetres internal diameter and 17 millimetres long, under » 
head of two centimetres. Ho preserves the term inch of water, restricting it t* 
the quantity of water escaping in one minute from such an opening, equal to 
13*3113 litres, or 11*766 quarts. In 24 hours this orifice will furnish 20 cuMc 
metres, equal to 4,402 gallons English measure. 

222. Constitution of liquid veins. — The form and constitution 
of liquid veins have been studied by a great number of experimento. s 
The results of F. Savart, and more lately of G. Magnus (Poggendurii 
Annalen, cvi., p. 1), are those here given. 

It is determined, I. That if a liquid vein issues quite calmly and 
vertically downwards, from a circular orifice in a plane and thin hori- 
zontal wall, no movement of rotation existing in the mass of the liquid, 
such a stream forms a continuous perfectly smooth cylindrical mass, 
the diameter of which diminishes with the distance from the orifice to 
the point where disintegration commences. From this point the vein 
assumes a turbid appearance, enlarges in diameter, and commences to 
* spirt off small drops laterally. 

2. If the mass of liquid is in rotation in the vase, or any cause of 
vibration exists, as from the sounding of a musical note, then the vein 
is separated into two distinct parts, fig. 174. The portion nearest the 
orifice is calm and transparent, like a rod of glass, gradually decreasing 
iu diameter. The second, on the contrary, is constantly agitated, and 
takes an irregular form, in which are distributed, at regular distances, 
elongated swellings, called “ ventral segments," whose maximum 
diameter is greater than that of the orifice: while the position of the 
first swelling is always much nearer the orifice than the point where 
the jet without swellings commences to become turbid. 

Magnus found that tho best means to produce these “ ventral segments” were 
a largo tuniug fork sounding C below the line— -and tho monotonous hum of the 
magnetic hammer or break-piece need in electro-magnetic apparatus. 

3. The swellings consist of separate isolated masses of water, as 
shown in fig. 175. However regular their external form may be, they 
are still formed of separate masses, as may be readily distinguished by 
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holding a piece of wire in the hand so that one of its ends penetrates 
a little way into the jet. A uniform pressure is felt when the wire 
is struck by the smooth part of the stream, but 
when struck by a swelling a strong vibratory and 
intermitting motion is felt. The separate masses 
of water forming the swelling, clearly communi- 
cate this motion to the air, and thus disturb tho 
flame of a gas jet brought near them, which the 
•mooth part of the stream doe* not do. 

Savart found that the swellings are formed of 
disseminated globules, elongated in the transverse 
direction of the vein, and that the contractions or 
knots arc formed of globules, elongated in the 
longitudinal way, fig. 175: also that tho limpid 
part of the vein is formed of annular swellings 
which originate very near the orifice, propagating 
themselves at unequal intervals to the troubled 
part, where they separate, of the same form at the 
instant of their separation, but changing periodi- 
cally. 

4. The “ventral segments” are produced by 
the vibration of the orifice through which the 
water flows, and they change with the strength 
of the note producing the vibration, as well as 
with the diameter of the orifice. 

The vein itself occasions a tone, partly be- 
cause its single separate masses of water set the 
adjacent air in motion, but especially by the 
impact of these masse* upon some sonorous or elastic substance. Where 
the orifice is made of caoutchouc, and this is carefully insulated by woolen 
pads from the bottom ol the vase, not even the loud tone of a heavy 
tuning fork on a sounding box (377) sufficed in Magnus’s experiments to 
cause the production of ventral segments. Without such precautions 
they are often set up spontaneously by vibrations communicated from 
the falling stream through the solid parts of the apparatus. 

To observe tho constitution of the swellings, Magnus used n revolving card 
perforated by a narrow radial slit, like the toy known im the unorthoseope, 
illuminating the stream by a lamp, but the details of his results exceed our space. 

5. If the vein flows from a very small orifice (less than a millimetre), 
the small drops into which the stream breaks up move quite irregularly. 
But on bounding a note the drops arrange themselves in groups with 
great regularity — a certain number always follow each >ther iinme* 
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diatelj — a somewhat greater interval succeeds, and then the former 
grouping of drops occurs again. 

So in a stronger stream, under the power of a harmonious note, the swellings 
and knots assume n ore regularity, and usurp the transparent part, which almost 
entucly disappears— the How of the liquid from the orifice remaining the same 
as at first. 

6. The con«titution of veins thrown out in any direction is essentially 
the sum*’ ; tut the number of pulsations is diminished in proportion as 
the vein is projected more vertically upwards. 

223. Escape of liquids through short tubes. — Short tubes (called 
adjutage ft) are often placed in an orifice to increase the flow. They are 
either cylindrical or conical. If the vein pass through the tube without 
adhering to it, the flow is not modified; if the vein adhere (the liquid 
wetting the interior walls), the contracted part is diluted, and the flow 
increased. In the last case, arid with a cylindrical adjutage, its length 
not being more than four times its diameter, the flow is augmented 
about one-third. 

Conical adjutages converging towards the exterior of the reservoir, 
increase the flow 7 still more than the preceding, the flow and velocity of 
the vein varying with the angle of convergence. Conical adjutages 
diverging towards the exterior, give the greatest flow. They may give 
a flow 7 2 — 4 times as great as that w'hich an orifice of the same diameter 
in a thin wall furnishes, and T46 times greater than the theoretical 
flow. 

Practically, the flow daring a second from cylindrical adjutages of a length 
ihreo and a quarter time? the diameter, is found by the formula, 

F - - 0»S2 « j/2 gll - 3-62 *\/ //; * boing the aroa of the tube and U the head. 

224. Ere ape of liquids through long tubes. — When a liquid 
passes through a long straight tube, the velocity of the flow soon dimi- 
nishes greatly ow’Ir.g to the friction between the liquid particles and 
the w 7 alls. iknds or curves in the tube increase the loss in velocity, for 
the same reason. The discharge thus becomes very much less than it 
would be from an orifice in a thin wall, and to obviate this evil the tube 
is generally inclined ; the liquid then passes down an inclined plane, or 
it is forced through by pressure, applied at the opposite end. 

Formulae. — The discharge, D, per second through straight tubes of uniform 
djameter entirely open at the end wny bo determined by the formula, 




tf(l b 


-f 64 d 


la which Ji is the height of the water above the orifice of discharge, 4 the 
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diameter, aud l the length, of the tube. All these quantities .*• to bt takon in 
metres. The formula gives the value of l> in cubic metres, which may bo reduced 
to u inch™ of water" ^221) by multiplying the result by 75. This formula was 
deduced from the experiments of Eytclwoin. When the tube is very long, wo 
may neglect 54cf as very small in comparison with /, and the formula to deter- 
mine the diameter required to discharge a given volume of liquid is, 

d = 0 - 298 ^? 

The velocity of the disch&rgo is given by tho formula, 


4 I) r 

— — — = 26-44 - I 
nd‘ \ L 


lid 




For long tubes the term 54d may ho neglected, and modifying the coefficient 
to correspond with tho results obtained by Prony with tubes 2280 metres long. 


V =T 26-79^ /W . 

225. Jets of water. — As the velocity of a liquid escaping from an 
orifice is the same as that which a hotly acquires falling from a height 
equal to the distance from the surface of the liquid to flic orifice, a jet 
of water spouting upwards, should rise to 
the level of the liquid in the reservoir. But 
this never quite takes place, fig. 170, be- 
cause of — 1st, the friction in the conducting 
tubes destroying the velocity — 2d, the re- 
sistance of the air — 3d, the returning water 
falling upon that whieli is rising. The 
height of the jet is increased by having the 
orifices very small, in comparison with the 
conducting tube; piereing them in a very 
thin wall, and inclining the jet a little, thus 
avoiding the effect of the returning water. 

It has been determined that the differences between the height of vertical jet* 
and that of the reservoirs are approximately as the squares of tho height of tht 
jote. Experiment has assigned the number 0 01 11 s the coefficient, and tho for- 
uuIk which gives the height, h, of a jet under a head represented by if, is 
17 _ A ass 0 01A*:— the unit of measure being the French metre. 

If air is mingled in the water, the mixture being lighter than water, the jet 
oan be made to risq^higher than its source. 

220. Pressure exerted by liquids in motion. — When a liquid is 
ia motion, either in a conduit tube or an adjutage, the pressure it exerts 
18* 
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on the walls is not the same as it is in equilibrium, anti generally it u 
less, as the velocity of flow is greater. 

If the effective velocity is 177 

equal to theory, tho interior 
pressure upon the walls of 
the adjutage will be equal to 
the statical pressure in a 
state of equilibrium. As the 
effective velocity increases, 
the interior pressure upon 
the walls of the adjutage 
becomes less than the pros-* 
sure in a state of equilibrium, and it may even become less than the 
external atmospheric pressure, but it can never become null. 

This principle may be demonstrated by the apparatus shown in fig. 
177, where a bent tube, m n, is inserted into a cylindrical adjutage, and 
when the lower end is placed in a vessel of water, as shown in the 
figure, the fluid will mount up in the tube to a certain point n. 

If tho tube win is not too long, the water will mount up and enter 
the adjutage, and flow out with the jet. But the fact that the water 
will not mount over in the tube ?nn, unless it is very short, proves that 
the external atmospheric pressure is always opposed by a certain 
amount of internal pressure. It may also be shown that the interior 
pressure never becomes null, but that there is merely a diminution of 
pressure, by placing the apparatus in a vacuum, when the water will 
flow out in the direction in n. 

227. Telocity of rivers and streams. — The velocity of streams 
varies very much. The slower class of rivers have a velocity of less 
than three feet per second, and the more rapid as much as six feet per 
second, which gives respectively about two and four miles per hour 

Tho velocities vary in different parts 178 

of tho same transverse section of n 
stream, for the air upon the surface of 
the water, as well also as the solid bottom 
of the stream, has a certain effect in re- 
tarding the current.. The velocity is 
found to be greatest in the middle, where the wuter is deepest, fig. 178, soma- 
whore in Pi, below the surface; then it decreases with the depth, towards h' 
sides, being least at a and 6. 

Stream measurers. — To measure the velocity of streams, vwioiM 
means are employed. The most simple is a glass bottle filled with 
water, sunk just below the level of the current, and provided at tho 
eork with f small flag, that Btands above the surface. 
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A wheel aay also be used, furnished with float-boards, placed in the stream 
and immersed, so that the whole surface of the boards is covered with water. 
The friction in this case is very small, so that the wheel revolves with very 
nearly the velocity of the stream. By observing the number of revolutions of 
the wheel in a given time, the rapidity of the current is measured. 

To ascertain the velocity at different depths, the simplest instrument is Fietot'* 
tube. It consists of a tube bent nearly at right angles, terminated by a funnel- 
shaped mouth : the upper part of the tube, above water, is of glass. To observe 
with this instrument, it is sunk with its funnel up stream nt the depth where its 
velocity is required. If the water was still, the height of the column within and 
without the tube would he equal : hut as it is in motion, the water will rise in the 
tube to counterbalance the foree with which the water is impelled (the impulse 
of the stream), the column of water in the tube rising higher as the velocity of 
the stream is greater. 

II. WATER-POWER AXP WATER-WUEE1.S. 

228. Water-wheels. — The motive power of water is of extensive 
practical importance, from the number of machines driven by water- 
wheels. 

229. The overshot wheel.— Fig. 179 is used when tho supply of 

water is moderate and variable. The water is delivered at the top of 
tho wheel, which may move with the 179 

hands of a watch, as in the figure, or the 
reverse. It is furnished with buckets of 
such a shape as to retain as much of the 
water as possible, until they reach the 
lowest practicable point on the wheel, and 
none after that point. In this wheel the 
effect is produced both by impact, and by 
the weight of the water. The water is 
received as near the summit as possible, and the buckets are so shaped 
as to retain the water to tho lowest practicable point in its descent, 
corresponding to about five on the 180 9 

face of the watch. 

230. The undershot wheel. — 

Fig. 180 receives its impulse at the 
bottom ; it is furnished with float- 
boards instead of buckets. If they 
are placed at right angles to the rim 
of the wheel, they may turn either 
way. When the wheel is required 
to turn only in one direction, the 
float-boards are placed as in the 
figure, so as to represent an acute angle towards the current : the wafer 
acts then partly by its * eight, 
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The breaet-wheeL — Fig. 181 i9 moved both by the weight end 
momentum of the water. It is furnished with buckets, formed to 
retain the water as long as possible. The breast-wheel is the form 
most generally adopted, as it allows of a larger diameter for a given 
fall than the overshot- wheel, with more economy of power than the 
undershot-wheel. 

A more distinct idea of these different 
water-wheels may, perhaps, be gained 
by illustration from the face of a watch. 

In the breast-wheel, the water may be 
received (according to the desired mo- 
tion of the wheel) between eight and 
eleven o’clock, or between one and four 
o’clock. According as the water is re- 
ceived above half-past nine or below 
half-past three on the watch, the wheel 
is called a high or low breast-wheel. 

231. Boy den’s American Turbine. — The turbine is a horizontal 
water-wheel, revolving entirely submerged, and is, of all forms cf 
water-wheel, the most energetic and economical of power. This 
machine was first constructed in an efficient form by M. Fourneyron in 
1827 ns the result of experiments commenced in 1823 ; but the honor 
of perfecting the turbine and establishing the mathematical principles 
by which it may be adapted to every variety of water-power, whether 
with high or low fall of water, in both small and large streams, is due 
to U. A. Hoyden, Ksq., of Massachusetts, under whose direction tur- 
bines have been extensively introduced in the cotton manufactories of 
Lowell and elsewhere. Two of the turbines constructed under the 
superintendence of Mr. Boyden have been found to give a useful effect 
to eighty-ei#ht per cent, of the power of the water employed. 

The water enters the centre of the wheel, descending in its vertical 
axis, and is delivered through a»great number of curved guides so 
arranged that the water enters the buckets in directions nearly tangent 
to the circumference of the wheel. The water is received ty the curved 
buckets in the direction of greatest efficiency, and having expended its 
force, it escapes from the wheel in a direction corresponding very nearlv 
with the radii. 

Tbo upper part of fig. 182 shows a horizontal section of the turbine, and a 
perpendicular seetiou is shown in the lower part of the same figure. Fig. 183 
•hows a section of the turbine with the iron sluice and other attachments as 
they stand in the wheel-pit. The letters refer to the same parts in both figures. 
K K is a stationary disc of cast iron supported by the disc tube M M made fast 
to the upper curb at P. The curved guides, gggg, made of plate iron, are 
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iteiTod to the disc K, and to the rim L L above, in such a manner as to give 
the least possible obstruction to the water as it (lows through the guides ; »to 
the revolving wheel. The arr rows show the course of the water through the 
iron sluice K, and on the disc through the guides into the wheel. The wheel 
itself consists of a central plate of cast iron, and of two crowns occr, of the 
same material, between which are the curved buckets bib b. The lower crown 
is firmly secured to the central plate. The buckets are let into curved grooves 
in the crowns, and have tenons, passing through mortices in the crowns, rivoted 
above and below. 

182 



The vertical shaft, dd , is made of cast iron, rind is accurately turned in every 
part. The entire weight of the wheel is supported by a series of collars attached 
to the shaft and moving in the suspension box *>. The box e is bung upon girn- 
bals at h (like a mariner's compass), supported by framework resting in the 
masonry of the wheel-pit. The lower end of the shaft is steadied by a pin pass- 
ing into the step », which is adjusted by a screw. JUl is a cylindrical gute which 
drops down between tho guides and the movable part of the wheel, to regulate 
the flow of water according to the amount of power required. Attached to the 
gate are the brackets SS, connected with the rack work and endless screw shown 
at IF, by which the gate is raised or lowered. A self regulating adjustment of 
the gate is secured by a governor not sb »wn in the figure. Ordinary gearing, 
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Attached to the upper part of the shaft, communicates the power of the wheel to 
the machinery to he driven. The curved iron sluice E rests upon beams A'', 
secured in the masonry of the wheel-pit and by sumcheons JVA’. 

Turbines may be divided into high and low pressure machines. High 
pressure turbines are adapted to hilly countries and deep mines where 
high falls of w'ater may be commanded ; in these cases the height of 
the column of w’ater will compensate for the smallness of its volume, 
reservoirs being provided to keep up a constant supply. 

The low pressure turbines produce great effect with a head of water 
of only nine inches, and are suitable for situations in which a large 
volume of water Hows with a small fall. 

The results of an investigation by Artigo, Prony, and others, who were 
appointed by the French Academy of Sciences to report upon turbines, 
are as follows : — 

(1) . That these wheels are applicable equally to great and small falls 
of water. 

(2) . That they transmit a useful effect equal to from 70 to 78 per 
cent, of the total moving force of the water employed (88 per cent, has 
been secured by Buy den's wheel). 

(3) . That they will work at very different velocities above or below 
that corresponding to the maximum effect, without the useful effect 
varying materially from that maximum. 

(4) . That they will work from one to two yards deep under water, 
without the proportion which the useful effect bears to the total force 
being sensibly diminished. 

(5) . In consequence of the last-mentioned property, they utilize at all 
times the greatest possible proportion of power, as they may Iks placed 
below the lowed lc\els to which the water surface sinks. 

The mathematical f> rmu lie for adapting turbines to every variety of water- 
power, and iniieh other valuable information, will he ha nd in a treatise on tho 
Hydraulic (Experiments at Lowell, by Hr. J. It. Franci*. from whose work tho 
above condensed description has been principally obtained. 

•MOLPCVLAK FOKFK8 AFTINU BETWEEN 1* ARTICLES OF UNLIKE 

KINDS. 

I. CAI’ILLAR I TV. 

232 Observation. — Definition. — The complete discussion of the 
action of Molecular Forces between particles of unlike kinds belong* 
appropriately to Chemical Physics. We have already noticed some of 
the phenomena of adhesion properly referable to this section (147 
and following). It now remains to consider briefly those special case* 
of this general subject which affect the laws of fluid equilibrium. We 
refer especially to the Phenomena of Capillarity and Endosmose. 
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The laws of fluid equilibrium which we have already considc**ed 
apply only to vessels of considerable diameter, in which the effects of 
adhesion between liquids and solids (14#) may be safely neglected. 

In very narrow vessels, and particularly in tubes of 6mall bore, the 
effects of this kind of molecular attraction become very sensible. Such 
tubes arc called capillary tubes, from capillus a hair, in allusion to the 
hair-like fineness of their bore. The effects of such tubes on liquids 
are distinguished by the general term capillarity. 

233. General facts in capillarity. — If tubes of small bore, open 
at both ends, are placed vertically in water, the liquid is seen to mount 
both in the tubes and on the outside, iig. 184, rising higher within aj 
the tubes are smaller. If the bore is over half an inch in diameter, 
this effect iH not very sensible. The experiment becomes more satis- 
factory if made in communicating vessels (202), of which one branch 
is much narrower than the other, as in tig. 185. Two slips of glass 
plunged in water, and brought near each other, also exhibit the effect 
of capillarity. In narrow communicating vessels, then, the laws of 
equality of level do not hold good. 

If the experiment is tried with mercury (which does not wet the 
glass) there is a depression of the surface of the liquid both within 
and without the tube, fig. 180, and this becomes greater as the tubes 
are smaller, as seen in the two branches of the communicating vessels, 
fig. 187. In a greased tube water is similarly depressed. 

185 184 186 187 



Those phenomena are independent of atmospheric pressure — taking 
place equally in u vacuum or in compressed air. They are also inde- 
pendent of the thickness of the walls of the tube (148), but they vary 
with the material of the tube, and with the nature of the liquid. 

Thus, in tubes of the same internal diameter, placed in liquids 
capable of wetting the surface of the glass, the elevation is different for 
each liquid. In tubes of 0 0472 inch diameter of bore, water rises 0*005 
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inches (or about 4 inches in tubes of T J fl inch bore), essente of turpen- 
tine 0*385, pure alcohol 0 278, whale oil about the same, while ether 
rises still less. In some liquids the elevation is scarcely sensible, while, 
as we have seen in mercury and other liquids not wetting the surface 
of the tube, there is a depression. 

Form of the surface. — These changes of level are accompanied by 
a change of form in the surface of the liquid iu the capillary column. 
Jt Is concave if there is elevation — plane if there is no change of level, 
and convex if there is depression. The first case is called the concave 
meniscus , and the last the convex meniscus. 

The cause of these phenomena is to be sought in the mutual action 
of molecular forces (146) and of gravity. 

A needle covered with grease, gently placed upon the water, floats, because, 
not being moistened by the liquid, there is produced a depression in which it ia 
supported. Thus, many insects walk and skim on the surface of water without 
plunging in. Oil and other burning-fluids in lamps, and the melted tnllow and 
wax of candles, are supplied to their flumes by means of the capillarity of their 
wicks ; so there is an absorption of liquids in wood, in sponge, in cloth, and in 
all bodies that possess sensible pores. 

234. Cause of the curve of liquid surfaces by the contaot 
of solids. — The form of the surface of a liquid in contact with a 
solid, depends upon the relation which exists between the attraction of 
the solid for the liquid, and the liquid particles for each other. 

Let A 11, fig. 188, represent, a fluid surface, and 1) K the surface of a solid 
immersed vertically in the fluid. Any liquid particle, as A, is submitted to tht 
action of three forces, viz. : 1st. Gravity, which, ns it 
acts equally upon all the particles of the fluid, may be 
omitted from the present discussion. 2d. The cohesive 
attraction of the fluid acting through the quadrant 
11 A K. and having its resultant in A I*. .Id. The adhe- 
sive attraction of the solid for the particle A. This 
latter force may he considered ns divided into two 
parts ; the attraction of that part of the solid abovo 
the surface of the fluid, whoso resultant will be A Q; 
and the attraction of that part of the solid below the 
surface of the fluid, which will have a resultant in A Q'. Let 11 P E be drawn at 
the limit of sensible cohesive attraction of the fluid for tho particle A, and lot 
A P, or P, represent the intensity of the resultant of all the cohesive attraction 
of the liquid for the particle A ; ulso Jet m u o have the same relation to tho 
adhesive attraction of the solid, and Q and Q' will represent the intensity of thia 
force above and below the surface of the liquid. 

Completing the parallelogram A Q C Q\ A 0 “ 2 Q cos. 45° will represent th* 
resultant of all the attraction of the solid for the particle A. On A C and A P, 
construct the parallelogram A P K C, and A It will be tho resultant of A F 
and A C. 
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The direction of the resultant A E 
t Q ooi. 46° — P cos. 45°, or 2 Q — P. 


will be determined by the value of 
There will evidently be three cases : 


2Q P > 0, 2 0 — P = 0, and 2 Q P < °. 


In the first case the resultant will lie in the angle C AE, and the fluid will 
wet the solid. In the second case the resultant will lie in A E, in the plane 
wlich separates the solid and the fluid. In the third case the resultant will lie 
it the angle BAE, and the fluid will not wet the solid. In this case there is 
D( necessity to suppose any repulsion between the solid and the fluid, but on j 
that the cohesive attraction of the fluid is more than twice as great as the attrae- 
tion of the solid for the fluid. 

As the surface of a liquid is always perpendicular to the direction of the forces 
which solicit its molecules (199) in the first case, the surface of the fluid at A 
will be tangent to tbe plane M N, fig. 189, which la perpendicular to the general 
resultant A R. At A', where the attraction is more feeble, the resultant A R 
will be more nearly perpendicular, and at a point A", where tbe sensible attrac- 
tion is zero, tbe resultant A" R" will be vertical, and the curve AA'A" will 
become tangent to a horizontal plane. 
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In the caso of a small tube, T, the concave surface of the fluid will be sensi- 
bly spherical. When 2 Q — P 0, the resultant A K lies in the line A E, and 
tilt surface of the liquid in contact with the solid is horizontal, because the 
attractive force of the solid and fluid combined is the same as if the surfuce of 
the fluid was indefinitely extended. 

When 2 Q — P is less than zero, or negative, the resultant A Pi will be found 
in the angle 11 A E, and the surface will lie tangent to the plane M ]S' «t tbe 
point A ; it will therefore be convex, as shown at A A", fig. 190. In a capillary 
tube, U, the surface will be convex and sensibly spherical. 

235. Experimental illustrations. — Capillary phenomena are easily 
explained, when we know that under the double influence of the attrno 
tion of a solid and a liquid, the surface of the liquid may be either 
concave, plane, or convex, as the relative intensities of these forces 
vary ; we can also see that the ascent or depression of the liquid in 
capillary tubes is a direct consequence of the terminal form of the 
liquid. This explanation is easily verified by experiment. 


a. Tako a bent, tube, similar to fig. 1S5, but let tbe capillary branch be 
•borter than the other, and pour water, drop hv drop, into the larger branch, 
tbs liquid, as it rises to the top of the tube, in the short capillary branch will 
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promt successively a concave, then a plane, and at lost a convex surface. At 
the water stands in a convex form above the end of the tube, the concave sur- 
face in the larger branch will rise above it, showing that the riso of the liquid 
above the level due to hydrostatic pressure depends upon* the form of the surface. 

b. Let a capillary tube, with a small sphere blown iu it, as shown in fig. 191, 
be soldered into the bottom of a small glass vessel or tube, into which mercury 
it slowly dropped. As the mercury rises into the sphere, 
it will take, at A, the form of a very convex button. As 
it rises to B B and C C, the convexity of the surface will 
gradually diminish, although it will xuuko a constant 
angle (about 46 °) with the walls of tho glass sphere, as 
shown by the dotted lines. When it arrives at 1) 1>, 
where the surfuee of the sphere is inclined 46 °, the 
suifacc of the mercury will be horizon tal, and still 
higher it will be concave. These successive stages of 1 
curvature are seen in filling a mercurial thermometer. 

This experiment, depending upon the constant angle 
made by the surface of the mercury with (lie walls of tho 
tube, enables us to slu*w that the level of the mercury in 
the cupillary tube is higher or lower than in the vessel 
with which it commuiin-utes, according ns the surface is 
concave or convex. 

The level at which a liquid may he maintained in a capillary tube 
dej tends on the diameter of the canal, at the upper level of the liquid. 

c. An impressive verification of this fact is obtained by soldering a capillary 
tube to the top of a glass vase or low air-hell, like a cupping-glass or beaker. 
If tho diameter of the capillary tube is not more than the one-hundredth of an 
inch, a column of water of the diameter of tho vase will he sustained by the 
capillary force at the height of nearly four inches — the height, of the column 
requisite to restore equilibrium being independent of the diameter of the vase. 

The same apparatus being reversed and plunged in a bath of mercury will 
evince a corresponding depression of the level of the mercury in tho capillary 
tube, the vase remaining void of mercury. 

It is evident from these experiments that capillarity is a very 
energetic force, and when we remember that the capillary canals in 
vegetables are usually smaller than the one-hundredth of an inch, and 
those in the animal body are very much smaller, it is easy t<> under- 
stand the ascensional force of sap in plants, and the functions of the 
capillaries in animals. 

d. By this power it is that the soil in dry seasons receives moisture from below 
to supply the waste of evaporation, — and conversely that the benefits of rain 
descend to the lower strata Hence in dry climates the surface soil is covered 
with saline effloresenecs left by the evaporation of water holding salts in solution. 

e. Rocks arc split by the swelling of wooden plugs driven forcibly in the 
dry state iuto holey* drilled for the purpose, and afterwards wet with water. 

236. Influence of the curve on capillary phenomena. — The 
ftecent or depression of liquids in capillary space*, is owing to the 
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form of the surfaces. Let abed , fig. 192, represent a concave 
meniscus, the particles of which are sustained in equilibrium by the 
forces before mentioned ; these particles do not exercise any pressure 
on those bcl* \v them, and therefore at cb there is a line above which 
the particles of fluid are sustained by upward attraction, and below 
which it is sustained by equal external pressure of the column op . 

192 193 



The sensible attraction of the walls of the tube does not extend so 
far hr the perpendicular height, dc, of the curve. It is only a small 
portion of the wall of the tube just above the extremity, c7, of the curve 
that supports the fluid. The action of every part below d, while it 
tends to elevate the fluid below, also tends to depress the portion of 
fluid above it, and these two influences neutralize each other. The 
particles of fluid about d, and within the limit of sensible attraction, 
arc drawn upward by the attraction of the tube, and these particles, 
by their cohesive attraction, support those below', until the weight of 
the capillary column becomes equal to the adhesive attraction of the 
solid for the particles within the limit of attraction about the point d . 

In determining the height of liquids in capillary tubes, the height of 
the column supported by capillary attraction must he added to the 
deration produced by external pressure. 

When, as in fig. 193, the meniscus is convex, the equilibrium still 
exists, for the liquid molecules being attracted obliquely inwards and 
downwards, the downward pressure is greater than on the exterior of 
the tube, and therefore the surface of the liquid within the tube 
descends until the pressure on the base, m n, is the same as on any 
exterior point, of the same layer. 

237. Law of the elevation and depression of liquids in capil- 
lary tubes. — It has been demonstrated by Laplace, that the attraction 
of the meniscus is equal to a constant coefficient, depending on the 
nature of the liquid nnd that of the tube. In a cylindrical tube with 
a circular base, experience has demonstrated, that the concave surface 
is sensibly a hemisphere, with a radius equal to half the diameter of 
the tube. The attraction of the meniscus is, therefore, in inverse ratio 
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with the radius, or the diameter of the tube, and in consequent^ the 
liquid column will be raised by this force to a height which varies 
according to its intensity. The length of the liquid column contained 
in the tube is a little less than calculation would indicate, according 
to the above rule, because of the weight of the meniscus, but this error 
is very small, less as the capillarity of the tube is less, the influence 
of the weight of the meniscus decreasing rapidly as the diameter of tho 
bore diminishes. The height of the liquid in the tube is, therefore, 
never absolutely in inverse ratio to the diameter, but the law is nearly 
exact when we add to the height one-sixth of the diameter of tho tube, 
which is the correction required for the weight of the meniscus. 

Corrections for this error being thus made, the law would be oorroct, 
had the meniseus an accurately spherical surface, but this obtaius 
only when the diameter is very small (2 or 3 m. m ., ‘07874, or 
*11811 inches) the surface in general ceases Jo be truly spherical, and 
the ascent or depression depends on tho curve of the surface, which 
varies much more rapidly than the diameter of the tube. 

238. Depression of mercury in capillary tubes. — The rapidity 
with which capillarity diminishes, in tubes of great diameter, is seen in 
the following table : — 

TABLE OF UEI'HKBSIONB OK MF.KCtmY Iff CAPILLART TUBES. 


Diameter of 
tube. 

lH'prtiMUonx In 
in. m. m-cordlng 
to Ln place. 

According to 
Young. 

According to 
Jacoby. 

According to 
Cm vend Inti. 

20* ra. m. 

0*038 

0*031 

0*031 


15- “ 

0*137 

0*111 

0*118 

(131 

10- “ 

0*445 

0-402 

0*406 

0*406 

8- “ 

0 712 

0*669 

0*673 

0*820 

6 - “ 

1*171 

1*139 

1-134 

1*377 

5 - “ 

1*534 

1*510 

1*513 

1*735 

4- “ 

, 2*068 

2*063 

2*066 

2*187 

3 * " 

2*018 i 

2*986 

2*988 

3*054 

2-5 “ 

3*566 




2 * " 

4*454 

4*887 

4*888 

4*472 


The numbers contained in the first column have been calculated by 
M. Bouvard, according to the formula of Laplace; those of the lost 
two columns have been obtained directly by experiment. 

239. Ascent of liqnids in capillary tubes.— -For all liquids, the 
ascent or depression in capiTlary tubes, decreases according to analo- 
gous laws. If the tubes are very small, the heights augmented with 
one-sixth of their diameter, are inversely as the diameters. If the 
tubes are very large, we may ascertain very accurately tho heights to 
19* 
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* which liquids would rise bj very complicated calculations, or we may 
obtain, approximately, their capillary effects, in supposing them pro- 
portional to the depression mercury undergoes in tubes of .the same 
diameter. For the same tube, and for the same liquid, the capillarity 
depends much on the temperature, decreasing more rapidly than the 
density. 

According to Gay Lussac, the elevation of water in a capillary 
tube of 1 in. m., (-03937 in.) is 30 m. m., (11811 in.) and different 
liquids elevate themselves, in the same tubes, to heights, which are Id 


the following relation : — 

Water, ........ 100* 

Saturated solution of chloride of ammonium, . 102*7 

41 “ sulphate of potash, . . 95*7 

44 44 44 copper, . . 84- 

Nitric acid, . - 75* 

Hydrochloric acid 70’1 

Alcohol, ........ 40 - 8 

Oil of lavender, 37 '5 


240. Laws of the equilibrium of liquids between parallel or 
inclined laminee. — Phenomena analogous to those presented in capil- 
lary tubes, may be observed when two lamina?, plunged in a liquid, 
are brought near to each other. If the lamina) are made wet the 
liquid elevated* between them, is terminated by a cylindrical surface; 
if not moistened, the liquid is depressed, aud is terminated by a convex 
surface ; and it is observed that: — 

1st. A liquid is regularly elevated or depressed between two laminee , 
inversely as the interval which separate s them. 

2d. That the height of the 194 

ascension or depression for a 
given interval , is half that 
which would lake place in a 
tube having a diameter equal 
to that of the interval. 

When we plunge two in- 
clined lamina? (with their 
line of contact in a vertical 
position) in a liquid which 
wets them, a concave surface 
may be obsoned between them. fig. 194. the liquid rising toward the 
ufipcr point of their line of contact. The surface of the liquid takoa 
the form of the curve known in geometry, under the name of the 
l hyjterbola ; this curve is produced by capillarity. 
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241. Movement of drops of liquid in conical tubes or between 

lamina. — When a drop of liquid is contained in a conical tube, or 
between two lamina) having their lines of contact horizontal, the liquid, 
if it wets the tube or lamina*, is terminated by 195 

two concave surfaces, and the liquid is drawn 
towards the smaller end of the tube, or towards 
the angle of the lamina), i. t\ in the direction 
from m to »w' p tig. 1D5, because the liquid being 
terminated by concave surfaces, the pressure from without inwards 
decreases as the radius of the concave surface diminishes, so that the 
resultant pressure is directed from m towards 196 

tn'. If the liquid is mercury, or any fluid that 
does not wet the surrounding body, the two 
surfaces will be convex, and the pressure from 
without inwards will be greater in proportion as 
the radius of curvature becomes less, hence the resultant pressure will 
be from m towards m' % tig. IDG, and the drop will be driven towards the 
larger end of the tube, or towards the more open parts of the lamina). 

242. Attraction and repulsion of light floating bodies. — The 
attraction and repulsion which we observe between light bodies floating 
on the surface of liquids, is due to capillarity. Two floating bodies are 
drawn near to each other either when both are, or both are not muistenod, 
and repelled if the liquid wets only one of them. 

Let a and b, fig. 197, be two floating bodies 197 

whose surfaces are wet by the liquid. Bctwoen 
the bodies a small mass of fluid is elevated by 
capillary attraction, of which the point m is 
higher than the level of a b, the highest points 
of the exterior curves. 

The weight of the column m tends to draw 
the two bodies together, acting like a loaded 
cord suspended between the. two bodies. The 
mutual cohesion of the molecules of the liquid 
surface, «», causes it to serve as a cord, and 
the adhesion of the liquid to the floating bodies 
at the highest points, serves as the attachments 
of the extremities. When the two bodies are 
not wet by the liquid, the liquid is depressed 
between the bodies, and the external pressure 
tfpon the two bodies drives them together, os 
shown in the middle section of the figure. 

When one body is wet by the liquid, and the other is not, the result, of capil* 
tary attraction is to cause the two bodies mutually to repel each other. 

It the body which is wet is removed beyond the influence of the other body, 
the concave meniscus will rise on both sides of the body to the dotted line o, in 
the lower part of the figure. In the same manner, if the body not wet were 
alote, the meniscus of depression would extend on both sides to the dotted line, a 
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If now we suppose the two bodies brought so near each other that the concave 
meniscus of fluid attached to one body will come in contact with the convex 
depression of the other, the surface of the liquid will take a form, n k, interme- 
diate between the two curves which would have been formed when the bodies 
were entirely separated; that is, the more elevated point » will be below o, and 
the point of greatest depression at k will be above the point r. The body wet 
will therefore be drawn outward by the weight of that part of the external 
meniscus which is more elevated than the internal, as represented by the distance 
o ii ; and the body not wet will be driven away from the first by the excess of 
hydrostutic presssure due to the difference of level, k r, on the two sides of the 
second body. 


Escape of Liquids from Capillary Tubes. 

243. Flow of liquids from capillary tubes. — Fluids escaping 
from capillary tubes are subject to the following Laws: — 

1. For the same tube the flow is proportioned to the pressure. 

2. With tubes having an equal pressure and length , the flow is pro- 
portional to the 4th power of their diameters. 

3. For the same pressure and the same diameter , the flow is in inverse 
ratio to their length. 

4. The flow increases with the temperature. 

The inequalities in the flow of different liquids under the same cir- 
cumstances does not Reem to depend on their viscosity or their density ; 
lor alcohol flows slower, mid oil of turpentine, or sugar solution, faster 
than water. So also nitrate of potash solution flows faster, and serum 
flows less swiftly, than pure water ; alcohol added to serum retards its 
movement, while if nitrate of potash solution be added to the mixture, 
the serum recovers its usual velocity. 

Those experiments made with glass tubes, were repeated on the bodies of ani- 
mals receutly killed, by injecting the various fluids into the principal arteries. 
The result^ were found to accord, tending to prove that the circulation of blood 
and other fluids in tho arteries and veins of living bodies, is subject to tbe same 
laws as tbe flow of liquids in capillary tubes of glass. 

II. OSMOSE OR OSMOTIC FORC*. 

244. Osmose, Exosmose, Endosmose. — Osmose is the transmis- 
sion of liquids into each other through the pores of an interposed 
medium which ordiuarily of^rs more resistance to the passage of one 
of the liquids than of the other. 

When a membranous sac, or a vessel filled with a fluid, and closed 
by a membrane, is plunged into another liquid capable of mixiug with 
the first, two currents are established through the membranous partition. 
The current from within outwards is called exosmose (from c£ai out? 
wards, and wajutq impulsion), and the current from without inwards is 
called endosmose (from evdov in wards, and c uopus) 
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The more general term osmose has been substituted by Graham fox* 
the two correlative terms just defined, as being a better expression of 
all the phenomena concerned. 

The phenomena of osmose are closely allied to those of capillarity. They 
have been very accurately studied, particularly by Dutrochct, who brought 
forward his researches in 1827, and more recently by Prof. Graham. 

245. Endosmometer. — The existence ami rapidity of these currents 
is ascertained by the endosmometer, an instrument whirl) may l>e thus 
constructed. To a membranous pouch or bladder is fitted, hermetically, 
a glass tube as in fig. 198. 

The jar or bladder, and part of the tube, is filled with a dense liquid, 
ns a strong solution of gum or sugar, and 
placed in a tall cylindrical jar, which is 
then filled with distilled water, until it 
stands exactly at the level of the fluid in 
the tube. For very exact experiments, 
this level is constantly maintained by the 
addition to, or the removal of the water 
in the outer jar. After a time, gum will 
be found in the outer vessel, a current 
from without, inwards, also taking place. 

If wc wish to determine more accurately the 
actual as well as the comparative flow of dif- 
ferent liquids, we may use an apparatus con- 
structed as follows : — Over the open mouth of 
a hell jar, of a few ounces capacity, is placed 
a plate of perforated zinc, to support firmly a 
piece of fresh ox -bladder, which is securely 
tied over it. To the upper uperturo is attached 
u graduated tube, open at both ends, the capa- 
city of whose interior bears a certain definite 
relation, as f j| fl th, to that of the lower open- 
ing of the bell jar; so that a rise or fall in the 
tube as of 100 rn. m. (3-937 iu.) indicates the en- 
trance or removal of a stratum of liquid, 1 in. in. 

(0-03937 in.) thickness over the whole surface. 

240. Necessary conditions. — According to M. Dutrochet, in order 
successfully to produce the phenomena of endosmose, it is necessary: — 

1st. That the liquids be susceptible of mixing . 

2d. That they are of different densities. 

3d. That the membrane or wall (septum) which separates them is per- 
meable to one or both liquids. 

Materials for septum. — All thin animal and vegetable membranes 
thin plates of burnt clay, slate, marble, pipe clay, Ac., produce endos- 
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motic effects in a more or less notable degree. Of inorganic materials, 
those which contain most silicic acid are less permeable. A chemical 
action on the materials of the septum, invariably takes place (except- 
ing with alcohol aud cane-sugar solutions), whether it is formed of 
bladder or of earthenware. Where the partition is not susceptible of 
being acted upon, the endosmotic action is very slight. 

247. Direction of the current. — The endosmotic current is in 
general directed towards the more dense liquid, but alcohol and ether 
arc exceptions ; they acting as denser liquids, although lighter than 
water ; so also as acids are more or less diluted, there is endosmose 
towards the acid or towards the water. The excess in the quantity of 
the liquid which passes into the endosmometer, is proportional to the sur- 
face of the membrane, and to the different heights to which the liquids 
mount in capillary spaces, the elevation taking place from that side of 
the liquid which has least capillary action. 

24fri. Organic solutions. — Neutral organic substances, such us 
gum-arabic, urea, and gelatine, produce but little endosmotic action. 
Of all vegetable substances, sugar solution ; and albumen among 
animal bodies; arc those which, with equal density, possess the 
greatest power of endosmose. The figures attached to the following 
substancoH, indicate the proportional height to which the liquids rose 
when the endosmometer, being filled successively with solutions of 
them, of the same density, was placed in pure water : gelatine 3, guin 
5, sugar 11, albumen 12. 

240. Inorganic solutions. — Neutral salts do not possess any pecu- 
liar power of endosmose, but diffuse themselves with nearly the same 
rapidity as if no porous partition was used. Alkaline solutions greatly 
accelerate endosmose. This may be observed, even in solutions which 
contain but 1 part of the alkaline suit in 1000 of water. In mode- 
rately dilute solutions (containing not more than 2 per cent, of the salt) 
the action is most rapid. 

The soluble salts in the soil are taken up by the rootlets of plants by 
the combined action of capillarity and endosmose; the salts evtering 
the plant more rapidly than the water which holds them in solution. 

250. Endosmose of gases. — There is endosmose between gases, as 
between liquids ; if we connect two vessels containing different gases, 
having a dry membrane between them, the gases will gradually mix, 
equal currents being established in both ; but if the membrane is moist, 
unequal currents (that is, endosmose) are formed. Thus, a soap bubble 
placed in a jur of carbonic acid, will, in a little time, burst, owing to 
the increase of volume caused by endosmose. 

251. Theories of endosmose.— Many theories hare been proposed ts 
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account for those phenomena : such as that endosmose was due to an unequal 
viscosity of the two liquids; to currents of electricity passing in the direction 
of tbo endosmose ; to the unequal permeability of tho membrane for tho two 
liquids, or, that the phenomenon was duo to capillary action, joined to the affi- 
nity of the two liquids. Very probably endosmose depends on the same forces 
that produce capillarity, hut obviously they are not the only forces which exert 
influence, for wo find that heat, which always diminishes capillarity, augment! 
the strength of the endosmose. 


Problems on Hydrodynamics. 

Elasticity of Liquids. 

93. A cubic foot of water at tho freezing point is submitted to a pressure of 20 
atmospheres. How great is tho condcusulion ? and what is tho specific gravity 
of the condensed liquid? 

94. What is the specific gravity of sea water at the depth of tliroo miles, 
reckoning the specific gravity at the surface 1-020, and tho compressibility 
0-0000436, and allowing u column of fresh water 33 feet high to equal tho 
pressure of one atmosphere? 

06. How much would the volume of a cubic foot of alcohol, at 46° Fahrenheit, 
be diminished by a pressure of four atmospheres ? 

Hydrostatic Pressure. 

06. In the hydrostatic press, given the diameters of the two cylinders A and 
B, and the force applied to the pump 1*: determine the pressure produced. 

07. In the hydrostatic press, suppose the diameter of the smaller cylinder to 
be 1 inch, and tho diameter of the larger cylinder to be 16 inches, the length of 
the pump-handle to he 3 l'eet from the fulcrum, and tho distance of the piston 2 
inches from the fulcrum, the lever being onu of the second order: what is the 
relation of the pressure exerted to the power employed? 

08. A cubical vessel is filled with fluid: compare the pressures upon tho sides 
and bottom. 

00. A slender rod is immersed vertically in a fluid : divide it into three por- 
tions which shall he equally pressed. 

100. Compare the pressures on two equal isosceles triangles just immersed in 
the same fluid, one with its base upwards, the other with the huso downwards. 

101. A cylindrical vessel is filled with a heavy fluid: what proportion does 
the pressure on the cylindrical surface bear to the entire weight of the fluid ? 

1 02. If the tube, T, of the water-bellows, fig 144, is 10 feet high, and th« 
surface of the bellows, B C, is is inches in diameter, what weight will be sus- 
tained when the tube is filled with water? and what when the tube is filled with 
mercury ? 

103. Tho sides of a hollow pyramid are isosceles triangles, tho base is a 
rectangle having sides a and b and the height of the pyramid is If the 
pyramid be placed with its base on a horizontal plane, und filled with water, 
how docs the whole amount of pressure on the four sides compare with the 
pressure upon the bottom ? 

104. A hemispherical vessel, 6 inches in diameter, without a bottom, stands 
'■'n a horizontal plane. When just filled with water, the liquid begins to run out 
At the bottom. Determine the weight of the vessel. 
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106. What height must a column of mercury have to balance a column of 
water 25 feet high in a communicating vessel ? 

106. If a vessel of water communicates with a vessel of ether, standing at a 
height of 20 inches, at what elevation will the water stand ? 

Buoyancy of Liquids. 

107. A man exerting all his force can raise a weight of 300 lbs. : what would 
bo the weight of a stone (Sp. Gr. — 2*5) which he could just raise under water? 

108. If a given piece of silver be balanced by i‘s weight of iron in air, what 
addition must be made to the iron so that the iron and Bilver may be in equili- 
brium when immersed in water? 

100. How much will 12 ounces of gold weigh when immersed in alcohol (Sp, 
Or. -1 0*708) ? 

110. If an alloy of gold and silver, weighing 22 ounces in air, loses 1$ ounces 
when weighed in water, how much of the alloy is gold, and how much silver? 

111. To avoid imposition in the purchase of lead (due to the fraudulent intro- 
duction of pigs of iron encased in lend), the Russian government are in tho 
habit of weighing the lead offered for sale with weights of lead, on a balance so 
arranged that both pans can he immersed in water after they ure brought to 
equilibrium. If the equilibrium remains undisturbed, the lead is pure. Other- 
wise its degree of adulteration can be calculated. Suppose, by the above test, 
that 1500 lbs. of commercial lead is found to be adulterated to such a degree as 
to require tho addition of 10 lbs. of lead weights under water to produce equi- 
librium, what is the amount of iron encased in the commercial lead (Sp. Gr. of 
lead = 11*45 ; of cast iron = 7*04) ? 

Floating Bodies. 

112. Supposing the specific gravity of a man, of water, and of cork, to be 
1*12, 1, and 0*2-4 respectively, what quantity of cork must ho attached to a man 
weighing 150 lbs., that he may just float iu water? 

113. A cylinder, whose length is greater than its diameter, having a specific 
gravity «f 0*63, floats in water, what portion of the diameter of the cylinder is 
immersed ? 

114. What is tho bulk of a hollow vessel of copper, weighing 5 lbs., which 
just floats in water ? 

115. liow much bulk must a hollow vessel of iron occupy, weighing one ton, 
that it may float with only ono-linlf its bulk immersed in water ? 

116. A ship entering a river from the ocean sinks 2 inches, and after dis- 
charging 12,000 lbs. of cargo rises one inch ; what is the weight of the ship and 
cargo, reckoning the specific gravity of sea water 1*026 ? m 

117. A life-boat contains 100 cubic yards of wood (Sp. Gr. — 0-8), and 50 
cubic yards of air (Sp. Gr. = 0*0012). When filled with fresh water, what 
weight of iron ballast (Sp. Gr. = 7*645) must be thrown into it before it will 
tink ? 

* 118. A parallelepiped of ice whose dimensions are 15*75 yards, 20*45 yards, 
and 10*5 yards, is Hunting in sea water on its broadest face ; the specific gravity 
of sea water is 1*026, and that of ice 0*93. Required the height of the ice above 
the but face of tho wat er. 

119. When two persons, A and B, descend together to the bottom of a lake ti» 
a cylindrical diving-bell, it is observed that the water stands 1 inch lower within 
the bell than when A descends alone ; the pressure of the atmosphere is equal 
1 1 a column of water 33 feet high, the diameter of the bell is 4 feet, and the sur- 
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I*-* of tbe water within it, at the bottom of the lake, is 20 feet below the surface 
ol the lake ; find the volume of B. 

120. A piece of flint glass weighs in air 4320 grains, and in water it weighs 
3195 grains : what is its specific gravity ? 

121. Determine the specific gravity of granulated tin from the following data* 

Weight of bottle filled with water at 60° F., . 44-378 grammes. 

“ “ tin, 9 431 “ 

u u bottle tin and water, .... . r > 2 - f» I : > 

122. The same specific gravity bottle used in the last example is supplied with 
7*432 grammes of powdered glass. The weight of bottle water and powdered 
glass is 49-859 grammes, wliat is the specific gravity of the powdered glass ? 

123. A body weighs 14 lbs. in air, and 9 lbs. in water: another body weighs 
81 lbs. in air, and 7 lbs. in water: what are their respective specific gravities, 
and how do they compare with each other? 

124. The counterpoise of a Nicholson’s hydrometer requisite to sink it to 
zero weighs 25 grammes; with a piece of brass on the upper pan it requires 
8*171 grammes to sink it to zero, mid 10-211 grammes when t lie same piece of 
brass is on the lower pan: what is the specific gravity of the brass ? 

125. A Fahrenheit’s hydrometer weighs 700 grains — to sink it in water 300 
grains are requisite (volume of water . to volume of hydrometer 1000 
grains), placed in alcohol 132 grains are required to bring it to zero (832 grains 
— volume of alcohol volume of hydrometer). What is the specific gravity 
of the alcohol ? 

Motion of Liquids. 

12fi. What volume of water will flow from an orifice 2fr inches in diameter, in 
7 seconds, if the centre of the orifice is 10 feet below the surface of the fluid? 

127. A vessel 20 feet deep is raised 5 feet above a plane; how far will a jet 
reach issuing 5 feet from the bottom ? 

128. A jet of water issuing from a vessel, 3 feet below the surface, and an 
equal distance above the horizontal plane on which ft. falls, is seen to have a 
horizontal range of 2-3 feet; how does the velocity of discharge compare with 
the theoretical velocity ? 

129. A jet of water issues from a cylindrical adjutage 2 inches in diameter, 
inches long, wit li a head of 1ft feet. What amount of water is discharged 

per hour ? 

130. What quantity of water will be discharged per day through a tube ono 
inch in diameter and 19 feet long, under the pressure of 21 feet head? 

131. If a fire-engine discharges lfi-8 cubic feet of water through a $ inch 
pipe in one minute, h«»w high will the water be projected, tbe pipe being directed 
vertically ? 

Capillarity. 

132 What will be tbe difference of level in a glass tube ^ inch diameter, 
bent in tht form of the letter U, when one brunch is filled with mercury uud the 
Other brauch with alcohol ? . 

133. A block of marble 1ft feet long and 2 feet thick (the tenacity of marble 
being 9000 lbs. to the square inch), is burst asunder by tbe capillary attraction 
of a serieB of wooden plugs. The scries of plugs being 8 inches apart, 1 inch 
in diameter, and 5 inches long, the* plugs are driven dry, and afterwards 
allowed to absorb water by capillarity. What height would be required for a 
series of columns of water, acting upon the orifices where the plugs are inserted^ 
to prodace a similar rupture of the marble ? 
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CHAPTER IV. 

OF ELASTIC FLUIDS, OE GASES. 

Pneumatics. 

I. DISTINGUISHING PROPERTIES OP GASES. 

252. Definitions.— Pneumatics — Gases, vapors,— tension.— 

Pneumatics (from 7/i/eD/xa, a spirit or breath,) is a subdivision of the 
general subject of Hydrodynamics (186), and is devoted to the consid- 
eration of the properties of elastic fluids. 

Gases are elastic fluids, aeriform, transparent, and usually colorless 
and invisible. The blue color of the air is due to watery vapor in the 
atmosphere. In gases, the molecular force of repulsion (140) prevails 
over the force of attraction — aud in the permanent gases this force has 
never been overcomg. 

Vapors differ from gases chiefly in that they are produced by the 
action of heat upon liquids — as steam is produced from water ; and by 
their returning again to the liquid state at ordinary temperatures by 
the loss of heat. 

Tension is an expression for the tendency of a gas to expand ; the 
degree of expansive force in each gas being specific and varied by tem- 
perature, and mechanical means. 

Qa*c*, trim pie or compound. — Of the thirty -four gaseous bodies known in 
chemistry, four only are simple or elementary, viz. : oxygen, nitrogen, hydrogen, 
and chlorine. The three first named of these gases, together with the compound 
gases, oxyd of carbon (CO ) aud the binoxyd of nitrogen (A T f> a ), are the .inly 
aeriform bodies which have thus fur resisted the united effects of cold and pres- 
sure, and permanently retained their gaseous state. Hence they are called 
permanent or ineocrcible gases. 

AH other gases, whether simple or compound, have, by the means named, 
been coerced into the liquid ot solid state, and are hence called non-permanent 
or coercible gases. 

253. Expansion of gases. — Expansion is the most characteristic 
property of gases. This molocular force, for all that appears, woqld 
separate the particles of a gas indefinitely through all space, were there 
no counteracting causes. 

Under normal conditions, the atmosphere is in a state of equilibrium 
betwoen the earth’s attraction and its own expansive force. If ere 
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disturb this condition of equilibrium, we see evidence of the exercise 
of the power of expansion. In fig. 109 

199, a moist bladder, partly filled with 
air, is subjected to a partial vaouum 
under the air-bell. As the pressure 
in the bell is diminished by working 
the air-pump, the portion of confined 
air expands, and distends the flaccid 
bladder until it fills the jar. As soon 
as the equilibrium of pressure is re- 
stored by opening a communication 
with the external air, it contracts 
again to its original dimensions. 

It appears, therefore, that gases, like 

liquids, are in a state of equilibrium, 

the only difference in the conditions 

of equilibrium being that, in liquids, 

this state results from the opposite 

effects of the two molecular forces; while in gases, the repulsive force 

is held in control by gravity, or some extraneous force. 

" * 

254. Mechanical condition of gases. — Perfect freedom of motion 
among their particles, as a consequence of equilibrium, brings gases 
under the general definition of fluids. Being also elastic, ponderable, 
and impenetrable (14), it follows that all the characteristic properties 
of liquids already discussed, apply also to gases. Atmospheric air is 
the type of permanent gases. For its chemical constitution, reference 
is made to chemistry. 

11. PROPERTIES COMMON TO liOTII LIQUIDS AND OASES. 

255. Oases transmit pressure equally in all directions. — The 
theorem of Pascal, already demonstrated with respect to liquids (180), 
is also true of gases. 

Suppose the vessel, fig. 200, to be filled with 
air in the usual state of tension. By its elas- 
ticity it exerts an equal pressure in all direc- 
tions ; and by the reasoning in \ 180, the 
pressure it exerts on the pistons a, />, r, </, is 
in proportion to their areas. The same is 
true of any part of the inner surface of the 
vessel, or of any section of its interior. 

If the air within and without the vessel has the same tension, then 
the pistons have no tendency to move, the inner and outer pressures 
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exactly balancing each other. Any pressure applied upon either of 
the pistons develops an increase of elastic force in the gaseous contents 
of the vessel, proportioned to the amount of compression. This pres- 
sure reacts on every portion of the inner surface of the vessel, and moves 
each of the other pistons outwards with a force proportioned to its area 

The chief difference between the transmission of pressure in gases and liquid) 
is, that in gases, owing to their elasticity, the effects of pressure are not felt at 
long distances, so instantaneously as in liquids. 

The distribution of illuminating gas in cities through many miles of pipes 
illustrates both the law and the exception. 

The reliction due to elasticity prevents, as is well known, the driving of a 
blast of air in an effective manner through small and tortuous passages. 

The laws and illustrations regarding the pressure and equilibrium of liquids 
contained in ££ 191, 192, 19.'!, and 199, are also true of gases; and it is there- 
fore needless U. repeat them in thiB connection. 

2f>(5. The atmosphere. — I/s general phenomena . — A vast aerial 
ocean rests up. in tiio surface of the earth, penetrates even its solid 
crust, and is dissolved, to a certain extent, in its waters. It is composed 
of the two inc.oercible gases, nitrogen and oxygen, in the proportion of 
nearly four parts of the first, to one part of the second, by measure. 
It is held in its place by the force of gravitation, which, counteracting 
the molecular fiflPbe of repulsion, brings it to equilibrium at about forty- 
five miles above the earth. This height of the atmosphere 1ms been 
determined chiefly from the phenomena of refraction, as observed in 
its effect on tho rising and setting of the heavenly bodies. 

It is the opinion of ltuuscn and others that tlu* atmosphere extends to a din- 
tanee of about 200 miles, although its density, above 45 miles, is too small to 
refract light to such a degree as to enable us ti> observe it. Many pneumatic 
experiments aro thought also to imlieate au altitude of the atmosphere exceeding 
45 miles. 

The atmosphere partakes of the motion of the earth, hut its state of 
rest, with respect to bodies on the earth’s surface, is disturbed by winds 
and currents, caused by agencies to he considered hereafter. 

Like the ocean, the upper surface of the atmosphere must, theoretically, 
have a definite surface, since each particle is influenced by gravity in 
a similai manner, and the resultant direction of these actions at any 
point must he a radius of the earth (199). 

It follows from J 191, that each molecule of air exerts, at a given 
level, the pressure due to the weight of a continuous line of molecules, 
extending vertically from the point chosen to the niter limits of the 
atmosphere. Therefore its upward pressure (192), *ts pressure on the 
sides of any vessel (193), and its buoyancy (205), are the same, and 
governed by the same laws as those already enunciated for liquids; 
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provided always that there is a communication, however small, between 
the outer air ami the interior of any given vessel. 

257. Atmospheric pressure. — The great weight, and consequent 
pressure of the atmosphere upon bodies near tho surface of the earth, 
was unsuspected by mankind in general, until Torricelli, in 1043, first 
announced it. 

As it is exerted, in obedience to the laws of fluid equilibrium (109), 
al'ke above, below, and on the sides of all bodies, a man of usual size 
m >ves about unconscious that he sustains a constant load of over 30,000 
pounds, of more than fifteen tons. If this pressure is partially re- 
moved from one surface of a body, its existence then becomes very 
manifest. 

201 202 



In fig. 201, the upper eml of an air-jar is hermetically sealed by a hladdoi 
•kin tied on when wot and dried. Its lower edge rests upon the well -ground 
plate of an air-pump. As the air in the jar is gradually exhausted by working 
the pump, the surface of the bladder heroines more and more depressed, until, 
totally, the membrane hurst.-, with a sharp report, owing to the presume of tho 
atmosphere resting upon it. 

This experiment demonstrates the downward pressure of the atmosphere on ? y. 

Its upward pressure is illustrated by the apparatus seen in fig. 202. 

A glass jar having an open bottom, and sustained on a tripod, is covered by 
mn impervious caoutchouc hag. When a partial vacuum is produced itt the jar 
through the upper opening, the yielding hag rises and carries with it tho 
weight which is hung below. This heavy mass is sustained in mid air as on an 
elastic spring hy the upward pressure. 

The upward pressure of the air may also he illustrated by a familiar experi- 
meit with a tumbler. Fill a tumbler with water, and lay over it a piece of 
paper, — hold the paper in its place by laying upon it a board or the palm of tho 
hand,— turn the tumbler bottom upwards, and remove the hand or board, tho 
20 * 
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upward pressure of the atmosphere will then retain the paper in it& place, closing 
the tumbler, and preventing the discharge of the water. 

The pressure of the air from all sides is shown bj the well-known 
Magdeburg hemispheres. 

This apparatus is composed of two hollow hemi- 
spheres of brass, fig. 203, whose accurately fitting 
edges are well greased. One of the hemispheres is 
furnished with a stop-cock, by which connection 
is made with an air-pump. Placing this apparatus 
upou the air-pump, and exhausting the air, it will 
bo found that tho hemispheres can no longer be 
separated, no matter in what position they may be 
held j proving that the atmospheric pressure which 
alone keops the hemispheres together, is exerted in 
ull directions. Rings adapted to each hemisphere, 
enable two persons to test their strength against 
tho atmospheric pressure. Otto V. Uueriek, who 
invented them, employed a pair which held all tho 
power of u strong team of horses. 

These illustrations, easily multiplied by the ingenuity of the teacher, give evi- 
dence of the fact of atmospheric pressure in all directions, but do not indicate its 

258. Buoyancy of air. — Bodies weighed 204 

in air are sustained or buoyed up by a force 
equal to the weight of the volume of air dis- 
placed, in accordance with the Archimedean 
principle (205). 

Thin law is well illustrated by the appa- 
ratus seen in fig. 204. A hollow globe of 
brass is counterpoised on one arm of a balance 
by a brass weight at the other end. Placed - 
on tho plate of an air-pump, and covered by 
a bell-glass, the air mav he removed from 
contact with the two masses previously in 
equilibrium ; and, in proportion as the vacuum 
is produced, the globe begins to preponderate by a force as much 
. greater than the action of gravity upon the counterpoise as the weight 
of its ow.n volume of air is greater than that of the counterpoise. 

The brass and platinum weights used in delicate determinations of 
weight are standards only when in vacuum. Let us then represent the 
various values as follows : — 

If 1 r ~ r weight ol the body in air as estimated by standard weights, and also 
the weight of the standard weights themselves in a vacuum. 

F volume of the standard weights in cubic inches. 

V =- volume of the body in cubic inches. 

to = weight <*f one cubic inch of air at the time of the weighing. 

W = weight of the body in a vacuum — which we wish to find 
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We can now easily deduce the following values 

Fw = buoyancy of air on the weights. 

Fte = buoyancy of air on the body. 

W* — Fte = actual weight of standard weights in air. 

W — Ftp = actual weight of body in air. 

Since these weights just bahtuco each other, we have, 

IF— Fto = IF— Pic, or \V = IP -f tp ( F— F). 

The correction tc ( V — P), which must ho made to the weight determined by 
the balance in air in order to obtain tho weight in a vacuum, is evidently addi- 
tive when the volume of the body is greater than the weights, nnd subtractive 
when those conditions are reversed. When the volumes are equal, the correction 
becomes zero, and the balanco yields tho snmc results in air as in a vacuum.* 

If a vessel, whoso capacity is 100 cubic inches, is exhausted of air 
and weighed, fig. 205, and after filling it with dry air at the ordinary 
temperature and pressure, it is weighed again, it will 205 
be found that its weight is 31*074 grains more than at 
first; that is, 100 cubic inches of air weigh 31*074 
grains. Air is the standard of comparison in density 
for all gases and vapors. 

259. Impenetrability of air. — Air is impenetrable. 

This may be shown by inverting a hollow vessel, as a 

tumbler, upon the surface of water ; when pressed 

downward the water will not rise and fill the tumbler, 

because of the impenetrability of the air. The diving- 

bell depends on this quality of air: it consists of a large 

bell-shaped vessel, sunk by means of weights into the 

sea, with its mouth downwards. Notwithstanding tho open mouth, 

and enormous pressure of the sea, the water is excluded from the bell, 

because of the air contained within. 

# 

260. Inertia of air. — Wind is only air in motion. If the air had 
no inertia, it would require no force to impart motion to it, nor could 
it acquire momentum. We know that the force encountered by a body 
moving through the air (that is, displacing the air), is in proportion to 
the surface exposed, and the velocity with which it is moving (143). 

The sailing of ships, the direction of balloons, the wind-mill, and tho 
frightful ravages of the tornado, are all familiar examples of the power 
of moving air, and consequently proof* of its inertia. 

III. BAROMETERS AND BALLOONS. 

261. Torricellian vacuum —Measure of atmospheric pres- 
sure. — The amount of pressure exerted by the atmosphere was first 
determined by Torricelli, a disciple of (ialileo, in 1643. 



* Cooke’s Cbem. Physios, p. 269. 
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If a glass tube, a B, fig. 20G, about 32 inches in length, is filled with 
mercury, and then inverted in a vessel of the same fluid, the liquid 
column will fall some distance, and after several oscillations will come 
to rest at w, a height at the level of the sea, of about thirty inches 
above the level, ac o f the mercury in the vessel. 

The space n B, above the mercury, is the most 
complete vacuum attainable by mechanical means, 
nnd is called the Torricellian vacuum. If, after 
having closed the mouth of the tube, we lift it out 
of the dish, we shall find that the weight of the 
column of mercury pressing against the finger is 
very considerable. When we place the tube in the 
vessel of mercury, we have this same force exerted, 
the column of mercury tending to How out of the 
tube, and another force, the weight ami pressure 
of the atmosphere, tending to push the mercury up 
in the tube. The length of the mercurial column, 
it is evident, is in proportion to the atmospheric 
pressure, which under ordinary circumstances, is 
equivalent to a column of mercury thirty inches in 
height. 

We may now easily estimate the pressure on any given 
surface, as, for example, a square inch. If wc should 
lake a tube whose base is a square inch, and repeat the 
above experiment, the eolumn a n would, us before, be 
sustained at a height of thirty inches; but the weight 
of a column of mercury thirty inches in height and one 
inch square, is very nearly fifteen lbs. ; therefore the 
atmospheric pressure on a square inch is fifteen lbs. 

(accurately 14*7225 lbs). • 

If the tube were tilled with a liquid lighter than mercury, a proportion al ly 
longer column would be sustained by the pressure of the atmosphere; the length 
of the column being inversely as the densities of the two fluids. If water, which 
is about 13*5 times lighter thau mercury, was used, the column of water sustained 
would ho 1.1*5 times as long as the mercurial column, or about thirty-four feet. 

202. Pascal's experiments.— The experiment of Torricelli excited 
the greutest sensation throughout the scientific world, and the explana- 
tion be gave of it was generally rejected. 

Puscal, who flourished at that time, perceived its truth, and proposed to sub- 
ject the experiment to a test which must put an end to all further dispute. ** If,” 
said Pascal, u it bo really the weight of the atmosphere under which we live, 
that supports tho eolumn of mercury in Torricelli’s tube, wc shall find by trans- 
porting this tubo to a loftier point in the utinosphere, that in proportion as we 
leave below more and more of the air, there will be a less column of mercury 
sustained in the tube.” Pascal therefore carried a Torricelliau tube to the top of 
S ‘ofty mouutaiu, called the Puy-de Doute, iu Auvergne * v central France), ft 
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Was found that tho column gradually diminished in height ai the elevation to 
which tho instrument was carried increased, lie repeated this experiment at 
Uouen (France), in 1640, with a tube of water, and fonnd that the column wai 
sustained at a height of about thirty-four feet, or 13*d# times greater than the 
height of tho column of mercury. 

2G3. Construction of barometers. — Barometer is the name given 
to Torricelli's tube. This instrument has different forms, according to 
the use for which it is designed. There are, however, certain condit ions to 
be fulfilled in the construction of barometers, whatever may he their form. 

1st, It is necessary that the mercury be perfectly pure and froc from 
oxyd, otherwise it adheres to the glass; again, by impurities, its 
density is changed, and tho height of the column in the baromotor is 
greater or less than it should he. 

2d. It is necessary that there be a perfect, vacuum above tho surface 
of the mercury in the tube; for if there he a little air, or vapor, as of 
water, the elasticity of these will continually depress the mercurial 
column, preventing its rising to the true height. 

To obtain a perfect vacuum, a small portion of pure mercury is boiled in tho 
barometer tube, und when cooled, another portion 
of mercury is added, und again boiled, and so on, 
until the tube is full ; by Ibis means the air and 
moisture which adhered to the walls of the tube are 
driven out completely. The boiling must not be too 
long continued, otherwise a portion of oxyd will 
be formed, which will dissolve in the mercury and 
alter its density. The tube being filled, we invert 
it in a vessel of pure mercury. In order to determine 
whether there is not some air or moisture in the 
tube, we incline the tube quickly ; if the mercury 
gives a dry metallic sound when striking the sum- 
mit of tho tube, it is a proof of their absence, while, 
if they be present, the sound"is deadened. 

204. Apparatus illustrating the princi- 
ple of the barometer. — By means of the air- 
pump, and the apparatus fig. 207, tho princi- 
ple of the barometer is beautifully shown. 

The apparatus consists of a largo bell-glass, R, 
with two syphon barometer tubes attached. One of 
them, li, has its cistern within the bell. The other 
barometer, whose cistern is without the bull, com- 
municates with its interior by tbc curved tube It’. 

When this apparatus is placed on the air-pump, and 
exhausted of air, the mercury in 11 falls in proportion to the vacuum produced} 
and rises in the tube C /, in the same proportion. In B we sec the effect of dimin- 
ished pressure, as on a mountain or in a balloon ; in C the pressure of the external 
air causes the mercury in it to rise, forming a gauge of the exhaustion. When 
the air is all; wed to enter, the mercury iu the tubes resumes its former position* 
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265 Height of the barometric column at different elevations. 
—The following table gives a comparative view of the height of mer- 
cury iu the barometer at different elevations above the sea. 

At the level of the sea, the mercury stands at 30 inches. 


5,000 feet above “ “ *' 24*773 

10.000 “ [height of Mt. /Etna,] “ 20*459 

15.000 “ [height of Mt. Blanc,] 14 16*896 

3 miles 16*361 

6 [above the top of the loftiest mountain,] 8*923 
9 “ 4*866 

15 “ 1*448 


266. Cistern barometer. — The cistern barometer is 
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the most simple form of this useful instrument, it con- 
sists of a Torricelli’s tube of glass, filled with mercury 
and plunged into a vessel containing tbe same metal ; 
this vessel or cistern is of various forms. 

That it may Is* transported easily, the cistern is divided into 
two compartments, m, », fig. 208; the upper division is cemented 
to the tube, communicating with the atmosphere by the small 
hole a. The two compartments are united by the narrow neck 
into which the lower part of the barometer tube enters, fitting 
olosely, although not touching the walls ; leaving only so small 
a space, that capillarity will not allow the mercury to escape 
from the lower compartment when we incline the barometer. So 
that in whatever position we place it, no air can enter the lower 
end of the tube. 

This barometer is always fixed on a w«u>dun support, at the 
upper part of which is a graduated scale, whose zero is the level 
of the mercury in the cistern. The sliding scsile i indicates the 
level of the mercury in the tubo. There is attached 2011 

to barometers also a slider, moving by the hand 
upon which is a vernier, by means of which we 
can distinguish very small variations. Hut the 
level of the mercury iu the cistern varies ns the 
column of mercury in the tube ascends or de- 
■conds, for then a certain quantity of mereurv 
passes from the cistern into the tube, or the re- 
verse, so that the zero (the level) changing the 
graduation or. the scale, does not indicate the 
true height of the barometer. 

Fortin's baiometer. — This error is 
avoided in the barometer of Fortin, fig. 

211, by means of a cistern of peculiar con- 
struction, shown in fig. 209. 




The lower part is of deer-skin, and is elevated or depressed by means of U>e 
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lore* . C, pleasing the plate D B. At the upper wall of the cistern is fixed a 
■mall ivory needle, A, whose point corresponds exactly to the zero of the scale, 
graduated on the case. At each observation with this instrument, care is taken 
to make the level of the mercury in the cistern, correspond with 212 
this poiut, which is accomplished by turning the screw up or 
down. 

Vernier . — To secure great accuracy in measuring 211 
the height of the mercurial column, the barometer is 
furnished with a vernier, B 0, fig. 210. Ten divisions 
on the vernier correspond with nine divisions of the 
graduated scale. The vernier is 
moved by a rack and pinion until its 
lower extremity corresponds very 
accurately with the surface of the 
mercury in the barometer tube. In 
the figure the mercurial column is 
seen to stand a little above the divi- 
sion marked 700. Counting upward 
we see that, the seventh division of 
the vernier is exactly opposite one 
of the divisions on the graduated 
scale. This gives the small portion 
of the column above 700 equal to 
seven-tenths of a division of the 
scale, and the height of the column 
is road 700*7. 

This form of barometer has been 
adopted by the Smithsonian Insti- 
tution, and is made hy Mr. (jroen, 
of N. Y. 

207. The syphon baro 
meter, invented by (lay Lus- 
sac, consists of two tubus, fig. 

212, of the same internal dimen- 
sions, united by a very capil- 
lary neck, both closed at their 
upper extremities, the air enter- 
ing the cistern through a small 
hole at C. The large tubes being 
of the same interior diameter. 



the capillary action is mutually destroyed. The capillary tube is made 
small, so that when wo turn the instrument over, it remains full, 
because of its capillarity. For measuring the height of the mercury, 
there are two scales, K and D, graduated in different directions, having 
their common zero at 0, on a line intermediate between the two mer* 
curiai sirfaces; so that by adding the indications of these two scales, 
wo havi the difference in the level of the mercury iu the two tubes 
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But a quick movement, transportation in a carriage or on horseback, may 


divide the mercurial column in the c apillary tube, and thus allow the air to pass 
into the Jong arm, whereby the accuracy of the instrument would be destroyed. 
In order to obviate this inconvenience, M. Cuntcn 215 


has modified tho instrument as represented in fig. 213. 
The long arm A drawn out. to a point, enters into and 
is tolJcred to a larger tube. K, which is attached to 
the capillary tube. With this arrangement, should 
bubbles of air even pass through the capillary tube, 
they cannot enter the long arm, hut are 2 x 4 
retaiued in the top of K. These bubbles 
of air hove no influence on the observa- 
tions, and rnay bo driven out by simply 
beating the tube. 

268. Wheel barometer. — The 
wheel barometer is an instrument 
of no scientific value, but has a cer- 
tain popular interest as it purports 
to declare the state of the weather. 


The apparatus consists; figs. 214 and 


2 If), of g dial plate attached 
to a syphon barometer hav- 
ing a small cylindrical cis- 
tern, upon whose surface 
rests a float; this is at- 
tached to a silk string, 
which winds around a pul- 
ley, 0, and is terminated 
by the counterpoise 1* ; the K 
axis of the pulley carries 
a needle, which rests upon 
the face of the dial plate. 





When the pressure of the atmosphere changes, the column rises or falls 
in the tube accordingly, and carries along with it the float. The pulley 
turns and moves the needle to the words rain — fair — changeable, <&t\, 
which are designed to correspond to certain heights of the mercurial 
column. 


269. Causes of error.— In order to obtain the true height of the 
mercury m a barometer, we must, after making the observation, deter- 
mine by calculation the error caused by capillarity , and by the variations 
of density, caused by changes of temperature. 

Correction for capillarity. — When the barometer tube is of capil- 
lary diameter, the surface of the mercufy in it becomes convex (233) 
and the depression is greater by as much as the tube is more capillary. 
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for correcting this error, it is necessary to know the diameter of the 
tuba and then by means of the table (238), ascertain the depression* 
whicj. must always be added to tho observed height. 

Correction for* temperature. — In all mercurial barometers, wo 
must have regard to the temperature, for as heat expands mercury, it 
diminishes its density, and in consequence, under the same atmospheric 
pressure the mercury would rise as much higher as the temperature was 
more elevated. Consequently barometric observations cannot be com- 
pared, uuless they were taken at the same temperature, or are brought 
by calculation to the same standard. 

As it is entirely arbitrary what temperature shall ho chosen; that of melting 
Ice has generally been taken. A table showing tho expansion and contraction 
of mercury at different temperatures may he found in the chapter upon heat. 
The metallic and aneroid barometers have already been described (163, 164). 

270. Variations of the barometric height. — When we observe a 
barometer during many days, we notice that not only does its height 
vary from day to day. but also in the same day. The amount of these 
variations increases from the equator towards tho poles. The greatest 
variations (excepting extraordinary cases) are 6 m. m. (’2302 in.) at 
the equator; 30 m. m. (1181 in.) at the tropic of cancer; 40 m. m. 
(l’. r )748 in.) in France, and 00 in. m. (2*3022 in.) 2f>° from tho poles* 
The greatest variations take place in winter. 

The mean diurnal height is the average of twenty -four successive observations 
taken from hour t<* hour. M. ft amend has found the height of the barometer at 
noon to he the mean of the day. The 216 

mean monthly bright is the average of the 
thirty mean daily heights of a month. 

The mean annual height is the average of 
the three hundred and sixty -five mean 
daily heights of a year. 

At the equator the mean annual height 
is 7, r >8 m. in. (2U*842 in.) It increases, 
passing from the equator, and attains its 
maximum of 763 ni. m. (30'04 in.) between 
the latitudes of 30° and 40° ; it decreases 
in more elevated latitudes. The mean 
monthly height is greater in winter than in 
summer, because of the cooling, and conse- 
quent increased density of the atmosphere. 

The scale, fig. 216. shows the barometric 
variations of the different months. Equal 
distances, taken on the lower horizontal j. f. m. a. m. j. j. a. *. o. «i. tL 
lino, j — d , represent the duration of the different months, and the curved linen at 
the commencement of each interval, the mean barometric heights corresponding 
to tho successive months. We have then curves, whose inflexions make known 
the variations of the mean from one month to another. The four enrvot ropre- 
21 
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sent the monthly mesne m observed at Calcutta, C, at Havana, H ; Pah*, P, 
and at St Petersburg, S. P. The difference* of the curves represent, with 
great distinctness, the difference* of the mean barometric nWghts. Calcutta 
and Havana, on tbo same latitude, have, it will be seen, aery c^jfferent monthly 

means. 

Variations observed in Barometers are of two kinds. 

1st. Accidental variations , which do not offer any regularity in their 
movement*, and which depend on seasons, the direction of the wind, 
and geographical position. 

2d. Diurnal variations . — It was about the year 1722, that the hourly 
variations of the barometer were proved to take place in a regular 
manner. From that time, many observers have labored to determine 
the extent and the periods for the different parts of the earth. Alex. 
Von Humboldt, with others, has demonstrated by a long series of very 
accurate observations at the equator, that the maximum of height cor- 
responds to H o’clock in t lie morning; the barometer then falls to its 
minimum at four, or half past four o’clock in the afternoon; it then 
rises, attaining a second maximum about ten o’clock at night. These 
movements are so regular, they almost serve to mark the hours like a 
clock, but they are very small. M. Humboldt found that the distance 
between the highest point in the morning, and the lowest point in the 
afternoon, was but two m. in. In the temperate zones, these diurnal 
variations also take place, but are very difficult to ascertain, because 
of the accidental variations, so that it requires extended and very accu- 
rate observations in order to determine them. The hours of the maxi- 
mum and minimum of the diurnal variations, appear to be nearly the 
same in all climates, varying a little with the season. Thus, in winter 
(in France), the maximum is at nine o’clock in the morning, the mini- 
mum at three o’clock in the afternoon, and the second maximum at 
nine o'clock in the evening. In summer, the maximum takes place 
before eight o’clock in the morning, the minimum at four o’clock in 
the afternoon, and the second maximum at eight o’clock at night, lu 
spring and in autumn, the critical hours are intermediate. 

271. Relation between barometric changes and the weather. 

—Those variations of the barometer which are not periodic, are gene- 
rally supposed to be indications of changes in the weather. For it has 
been noticed that those days in which the column of mercury was 
29*72 inches in height, there was very changeable weather; that in a 
majority of those days when the mercury rose above this point, there 
was fine weather ; when it fell below this point, stormy weather, snow, 
or rain, prevailed. It is from these coincidences between the height 
of the barometer and the state of the weather, that there is marked on 
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the scale or dial plate of barometers, at cerain leights, tho words 
stormy, rain or snow, variable, tine weather, Ac., and it is supposed 
that when the mercury stands at the height indicated respectively by 
these words, we should have corresponding weather. Now, although 
this may be true to a certain extent, yet a little reflection will show the 
fallacy of such indications. The height of the mercurial column varies 
with the position of tlie barometer, and consequently two barometers, 
in different places, not upon the same level, would indicate different 
coining changes. The changes of weather are indicated in the barome- 
ter, not by the actual height of tho mercurial column, hut by its 
changes of height. 

Rules by which coming changes are indicated. — The follow- 
ing rules may, to sonic extent, he relied upon hut., for reasons already 
stated, must he taken with a considerable degree of allowance. 

1. The sudden fall of the mercury is usually followed by high winds 
and storms. 

2. The rising of the mercury indicates generally the approach of 
fair weather ; the falling of it shows the approach of foul weather. 

3. In sultry weather, the falling of the mercury indicates coming 
thunder. In winter, the rise of the mercury indicates frost. In frosty 
weather, its fall indicates thaw, and its rise indicates snow. 

4. Whatrser change of weather follows a sudden change in tlie 
barometer, may he expected to last but a short time. 

5. When the barometer alters slowly, a long continuation of foul 
weather will succeed if the column falls, or of fair weather if tlie 
column rises. 

6. A fluctuating and unsettled state in tho mercurial column, indi- 
cates changeable weather. 

272. Measure of heights by the barometer. — Since the level of 
the mercury in the barometer falls, as we ascend above the earth, we 
see that it is possible to determine by barometric observations, the ele- 
vation of a mountain, or of any other place above or below tlie level 
of the sea. If the atmosphere had a uniform density, we could ascer- 
tain, by a very simple calculation, the height to which the barometer 
was raised, from the amount of the fall of tlie mercurial column ; for, 
mercury being 10,460 times heavier than air, a full of one in. in. 
(*03037 in.) of the barometric column, would indicate that the column 
of air had diminished 10,466 m. in. (412 054 in.), and therefore the 
height measured would be 10,466 m. rn. But as the atmospheric 
pressure diminishes very rapidly as we ascend, sc eh calculations are 
of no value except for small elevations, and it is necessary to deter- 
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mine the rate of diminution in density of the air, in propction as it is 
further removed from the earth. Tables have also been constructed by 
which we can easily calculate the level between any two places, when 
we know the height of the barometer, and the temperature of the 
atmosphere.* 


the lower station. 


The altitude of any place above the level of the sea may also be cal- 
culated by the following formula, given by Prof. Guyot, in the tabled 
f iferred to below : — 

If wo call 

h = tho observed height of the barometer, 

T ~~ the teinperaturo of the barometer, 

I the temperature of the air, 
h’ tho observed height of the barometer, 1 
V ~ the temperature of the buromoter, > at the upper station. 
t ' ^ the temperature of the air, 

If we make, further, 

Z =~~ the difference of level between tho two barometers ; 

L the mean latitude between the two stations; 

77 the height of the burometer at the upper station reduced to the tempera- 
ture of the burometer at the lower station ; or, 


}“ 

| at t 


77 = 


1 -f- 0*00008<IG7 ( T — T) J- 


The expansion of the mercurial column, measured by a brass scale, for 1° 
Fahrenheit 0-000089G7 ; 

Tho increase of gravity from tho equator to the polos «■« 0*00520048, or 
0*00200 to the 45th degree of latitude ; 

The earth’s menu radius 20*880,860 English feet; 

Then Laplace’s formula, reduced to English measures, reads as follows .* — 

t 4- t ' — 64 \ 

1 + ■ ' 


((• 


woo 


Z - — log. ~ X 00158*6 Eng. feet, 


1 -f 0.00260 cos. 2 L 


c 4- 52252 
20886860 


) 

— )■ 

10443430 / 


*, in this formula, is the approximate value of Z, as given by that part of the 
formula preceding the parenthesis in which t is introduced. 

Heights may he calculated by the above formula, hut the calculation is much 
facilitated by the use of the Smithsonian Tables. 


273. Balloons. — Bodies in air (like solids plunged in liquids) lose 
1 part of their weight, equal to the weight of the air displaced From 
this it follows, that if a body weighs less than an equal volume of air 
it will rise in the atmosphere until it meets with air of its own density: 
hence, heated air, smoke, <&c., rise, because they are less dense than 
oold air. 


Dr. Block, of Edinburgh, announced in 1767, that a light r«#sel filled with 


• Guyot’a Meteorological and Physical Tables, Smithsonian Collections. 
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hydrogen gm, would ride in the air ; and Cavallo, in 1782, communicated tc the 
Royal Society in London the fact, that soap-bubble*, filled with hydrogen, would 
aaeend in the atmosphere. The brothers Montgolfier, in 1782, first constructed 
balloons. These consisted of globes of cloth, lined with paper. The one that 
they first exhibited publicly, was a globe about thirty feet in diameter, open at 
the lower part, below whieh was placed a fire. Tins, expanding the a.r wiibin 
ihe globe, diminished its density, and the balloon roso *n a height of nearly a 
mile. Hot-air balloons are, therefore (in allusion to their inventors), usually 
called Montgolfiers. Bnlloous filled with hydrogen were first introduced by Mr. 
Charles, professor of physics in Paris, in 1782 ; and in November of the satnt 
year, Pilatre de Hosier made the first aerial voyage, in a balloon filled with hot 
air. The ascension took place from Boulogne. Soon after, Messrs. Charles and 
Hubert, in the garden of tho Tuilleries, repeated the same experiment in a bal- 
loon filled with hydrogen gas. At this epoch, aerial voyages multiplied. In 
January, 1784, seven persons rose from Lyons, three from Milan, Ac. ; and soon, 
so familiarized were the public with this method of navigating, that it, was not 
uncommon for people to ascend in a balloon which was restrained from going 
too far by means of a cord ; when the adventurers had attained a certain height, 
the balloon was drawn down by means of the cord, and other voyagers took 
their place. 

Gay Lussac, September If), 1804, made an ascent remarkable for the facts 
with whieh it enriched science, and for the height which was attained, namely 
7010 metres, or about 215,010 feet. In those elevated regions, (lay Lussac found 
respiration and tho circulation of the blood much accelerated, because of tho 
rarefaction of the atmosphere; his heart muking 120 pulsations inn minute, 
while 00 was its normal rate. lie also collected there specimens of air for 
chemical analysis, and determined the cold of space. 

Construction and fill- 217 

ing of balloons. — -Generally 
the balloon in pear-shaped. 

It is made of a material imper- 
vious to hydrogen gas, often 
of strips of taffeta sewed to- 
gether, and covered with a 
varnish, composed of linseed 
oil and caoutchouc, dissolved 
in essence of turpentine, or 
of a tissue formed of a layer 
of caoutchouc interposed be- 
tween two layers of taffeta, 
and called mackintosh. 

To fill the balloon, A. fig. 217, 
on aperture at its lower end is placed in communication, by means of a tube, 
T, with vessels, 1 1, generating hydrogen (from the actiou of dilute sulphtirio 
acid on iron). When the balloon is sufficiently filled, the aperture is closed. 
Suspended by means of a net- work of ropes covering the wholo Apparatus, is a 
boat formed of wicker-work, for the reception of tho aeronauts, tig. 218. At the 
upper part of the baboon is a val?e, which the manager may open or shut at 
21 * 
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pleasure by means of a cord. As illuminating gas can usually be procured mort 
easily than hydrogen, it is frequently used by aeronauts ; but being at least seven 
times more dense than pure hydrogen, the balloon requires to be of a correspond* 
iugly larger size, in order to obtain the same ascensional force. 
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The balloon must not be completely filled, for the atmospheric pres 
sure diminishing upwards, the gas in the interior will expand in a like 
ratio, and tend to hurst the balloon. A number of fatal accidents have 
taken place from this oauso. 

When the aeronaut wishes to descend, he pulls the cord which opens 
tho valve in the upper /part of the balloon, and thus the hydrogen 
escapes, and tho balloon comes down. If be wishes to ascend, be 
throws out bags of saud which be has taken up with him, and the bal- 
loon, becoming thus Hghtqr, rises to a correspondingly greater height. 

Parachute. — Aeronauts often abandon their balloons, and descend 
in a parachute. This apparatus is composed of strong cloth, and when 
extended, has the appearance of an umbrella, tig. 12 1 9, with this differ- 
ence, that the wlmle-bones are replaced by cords, sustaining a small 
boat, in which the aeronaut places himself. There is a small chimney, 
or hole, in the top of the parachute, in order to allow the air, which 
would accumulate, to escape regularly, otherwise it would escape fitfully 
by the sides, throwing the apparatus violently around, to the imminent 
peril of its occupants. 

fV. COM rRESSIlill.ITY OF (JASF.S. 

274. Mariotte's * iw. — Hoyle and Mariotte discovered the law of 
tbe compression of gases, which' is is follows; — 
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At the same temperature , the volume occupied by the seme bulk of air , 
u in inverse ratio to the pressure which it supports. From which it 
follows, that the density and tension of a gas are proportional to the 
pressure. 

Let Y and Y f represent the volume of a gas at different pressures 
Pend and D and IF the different densities. Then 

F : V' = : P y whonce Y' = V ~ and 1 v — P . 

D-.D' — r-.F', whenco D' — and P' = Pjf- 

Experimental verification of Mariotte’s Law. 

In order to verify this law, the apparatus called Muriottc’s tube is 
employed. To an upright support of wood is attached a bent tube, fig. 
220, whoso two vertical branches are 
length. The longer limb is open at the 
nished with a scale which indi- 
cates heights ; the shorter is closed 
at the top, and is divided into 
parts of equal capacity. Mercury 
is poured into the tube so that the 
level of the liquid in the two 
branches is found on the same 
horizontal line, la. The air in 
the shorter limb then occupies a 
definite volume, indicated by the 
graduation. If more mercury is 
tdded, until the measured volume 
of air is reduced one-half, as from 
ten to five, occupying only the 
space above / / , and we now mea- 
sure the difference of level between 
the two surfaces of mercury, viz. : 

<*' A, we shall find that it is the 
same as the height of the baro- 
metric column. That is, the pres- 
sure of the column of mercury in 
the Mariotte’s tube is equivalent 
to one atmosphere; adding this 
pressure that which the atmo- 
sphere exerts on the mercury, we 
have the air subjected to double of its usual pressure, and it is, cons* 


unequal in 
top, and fur- 
21 « 
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qnently, reduced in volume one-half. If wc subject it to a pressure ol 
three atmospheres it will be reduced to one-third ; of four atmospheres, 
to one-fourth of its original bulk, &c. By this law, at a pressure of 814 
atmospheres air would become as dense as water. 

Tho law of Mariotte may also be verified for pressures less tban one atmo- 
sphere, by using a barometer tube, about two-thirds filled with mercury, and 
inverted in the deep cistern, fig. 221, filled with mercury. Sinking the tube tc. 
such a depth that the level of the mercury within and without is the same; the 
contained air is uador the pressure of one atmosphere, and occupies a known 
volume. If the tube is now raised until by a diminution of pressure the given 
volume of air is doubled, it will be found that the length of the mercurial column 
in the tube is half that in the barometer : that is, the air under a pressure of one- 
half an atmosphere has doubled its volume. The volume here, as in the other 
ease, ir in iu verso ratio to the pressure. 

275. Experiments of Despretz. — Mariotte ’ h law was generally 
received as correct, until Desprets, not doubting its correctness, so fcir 
as air was concerned, undertook to test this law in its application to 
other gases. For this purpose lie filled several tubes of the 222 
same height with different gases, and inverted them in a vessel 
of mercury, placing behind them a graduated scale, as shown 
in fig. 222. This apparatus was then introduced into a glass 
cylinder filled with water, and subjected to pressure by means 
of a forcing-pump. 

As the pressure increased, the height of the mercury in the 
different tubes varied, as shown in the figure, and this variation 
increased with the pressure. Carbonic acid, sulphuretted hy- 
drogen, ammonia, and cyanogen were compressed more, and 
hydrogen less, than common air. These experiments, in which 
the probability of error is extremely small, show that each gas 
has a special law of compressibility, differing more or less from the law 
announced by Mariotte. 

A series of vory accurate exporimonts, subsequently conducted by Pouillet, 
by a different method, confirmed the results of Despretz, who had announced 
the unequal compressibility of different gases. 

276. Experiments of Regnault.* — Mariotfcc’s law has been subjected 
to the tost of very careful and repeated experiments by Dulong, Arago, and 
others. But the most complete and reliable experiments are those conducted by 
Regnault 

Regnault kept the column of gas upon which he was experimenting at % uni 
form temperature by a stream of cold water flowing through a cylinder which sur- 
rounded the tube of condensed air or other gas. The utmost precaution was taken 
to remove every trace of moisture from the gases employed. The temperature 
and atmospheric pressure were carefully noted at every experiment, and due 

• M6moires de l’Acad£mie des Sciences, Tom. XXI., p. 329. 
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Allowance made for their changes. The temperatuie of the column if merciry 
employed to measure the pressure was noted, and the height of the rolumn cor 
rected accordingly. Fiually the condensation of the mercurial column due to 
Its own weight was also considered, and every possible precaution was observed 
to secure the utmost accuracy in the experiments. 


Results obtained by Regnault. 


The following table gives some of the principal results obtained by Regnault. 
Let P represent the pressure, when any gns occupies a volume l\ and P* the 
pressure when the volume of the same gas is l”. If Mariotto’s law were strictly 

PV 


correct, we should have P T equal to P' V', or ought to be 


qual to unity. 


Ait. 

Nitrogen. 

Carbonic Add. 

" | ,,r , 

! yv 

ltydrogon. 

- 

J'V 

P 

PV 

PV 

P 

PV j 
P'V' 

m. m. 


m. m. 


in. in. 


ut. m. 

738-72 

1*001414 

753*46 

1*000088 

764*03 

1 007597 

“ if 

4209*48 

1*002765 

4953*92 

1*002952 

3186*13 

1*028698 

2211-18 0-998584 

8177 48 

1 003253 i 

8628 54 

1 004768 

9351-72 

1*045625 

284.)- 18 0-996121 

933041 

i 

1 006366 j 10981*42 

1*006456, 

I 

9619-97 

1*155865 

9176-50 0-992933 


We here see that in the four gasos examined, the rati 


PV 


io — — was found very 


noarly equal to unity, showing that though Mariotte’s law is not absolutely truo, 
it is sufficiently accurate for most purposes. 

In the case of air, nitrogen, and carbonic acid, the comprcK.dliility augments 
more rapidly than the increase of pressure, while in the case of hydrogen the 
compressibility diminishes. It has also been ascertained that the rule of com- 
pressibility for any gas varies with the temperature. For example, earbonio 
acid ut 212° F. agroos almost exactly with Mariotte’s law. 

277. General conclusions on the compressibility of gases. — 
From a careful consideration of all the experiments upon the conden- 
sation of gases, it seems reasonable to conclude that: — 

1st. There is some temperature, differing for different gases, at which 
the compressibility of gases corresponds with Marietta's law. That at 
higher temperatures the compressibility diminishes, and at lower tem- 
peratures the compressibility increases. 

2d. Almost all gases, by a certain amount of pressure, are liquefied, 
and it is found that their compressibility increases very rapidly near the 
point of liquefaction. 

Although these conclusions are based upon the analogies of science, 
and apparently indicated by experiments, yet further observations are 
required for their confirmation 
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Y. INSTRUMENTS DEPENDING ON THE PROPERTIES OF GASES. 


278. Manometers. — Manometers are instruments designed to men* 


sure the tension of gases or vapors above the atmospheric 
pressure. The unit of measurement which has been chosen 
for tlie.se instruments is the pressure of the atmosphere, 
which, at the level of the sea, is (261) equal to about 15 lbs. 
to the square inch, and therefore a pressure of two or of three 
atmospheres signifies a pressure of 30 lbs. or of 45 lbs. 
Manometers are of very various construction, two of which 
will he mentioned, namely: — 

279. 1st. Manometer with free air. — This consists of 
a glass tube, 11 1), fig. 223, open at both ends, placed in a 
cistern of mercury, to which it is cemented. The cistern is 
connected with an iron tube AC. By this tube the pressure 
of the fluid is transmitted to the mercufy. The gases whose 
tension we wish to find, being often of a temperature suffi- 
ciently high to melt the cement attached to the apparatus, 
the tube A C is filled with water, which receives the pres- 
sure, direct, and transmits it to the mercury. 

In order to gru< I unto this instrument., A being 224 

open to the atmosphere, that point where the 
mercury rests in Hie tube is marked 1 (one atmo- 
sphere). At distances of thirty inches, the num- 
bers 2, 3, Ac., are marked, which indicate the 
number of atmospheres, for it will be remembered, 
that a column of mercury thirty inches in height 
represents the atmospheric pressure. The appa- 
ratus being placed in connection with a steam- 
boiler, we ascertain the pressure to which it is 
subjected by the. height to which the mercury 
rises in It 1) : if to the pressure is 2-. r > atmo- 
spheres, or .">7i ihs. to the square inch. 

280. 2d. Manometer with com- 
pressed air. — This form of the instrument 
consists of a glass tube filled with dry air, 
placed in a cistern of mercury, to which it 
is cemented. This by a lateral tube, A, fig 
224, communicates with the vessel contain- 
ing the elastic fluid to be gauged. 

Ie order to graduate the manometer, such n 
quantity of air is placed in the tube, that when A 
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communicates with the utinosphere. the level of the mercury is the same in the 


tube an ir. the cistern. At this point, therefore, 1 is marked upon the scale. 
Following Muriotte's law, it might be supposed that we should mark for two 
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•tmorpheres, at a point in the middlo of the tube, but when the column of air is 
reduced half, the tension of two atmospheres is increased by the weight of the 
column of mercury raised in the tube, and therefore the middle point of the tube 
would represent a pressure greater than two atmospheres. The true position for 
the second mark is at a point a little below the middle of the tube, where tbo 
elastio force of the compressod air, added to the weight of the oolumu of mer- 
cury, is equal to two atmospheres. 

The true position of the points, indicating 3, 4, Ac., atmospheres, is determined 
on the scale of the manometer by calculation. This is not a very desirable form 
of manometer, because the volume of air growing smaller, the divisious must 
continually diminish ii size, and therefore, even considerable variations of pre«> 
sure are not easily observed in the upper portion. 

Bourdon's metallic barometer , described in J 103, is much used as a 
manometer or gauge for steam-boilers, it is sometimes called Ash- 
croft’s gauge, and is the best instrument in uso for the purpose. 

[For the diffusion, effusion, and transmission of gases, the mixture 
;>f gases and liquids, and the absorption of gases, see the Author’s* 
“ Chemistry.”] 

281. Bellows. — The most common instrument for producing a cur- 
rent of air is the ordinary bel- 226 

lows, fig. 22f>, consisting of two 
leaves of wood united by leather, 
and terminating in a metallic 
tube t. A valve s is placed iu 
the lower leaf, opening up- 
wards. 

When the leaves are pressed together, the valve « closes, and the contsiuod 
uir escapes through t. Hut. when the 226 

leaves are separated, air rushes in 
through the valve and also through 
the tube, through which last it is again 
ejected upon pressing the leaves to- 
gethcr. 

Bellows with a continuous 
blast. — In the ordinary bellows, 
the blast of air is intermittent. 

Where a continuous jet is wanted, 
as at a smith's forge, a double 
blast bellows is used, tig. 22(1. 

This consists of three pieces of wood, 
of which one, 1), is immovable, the 
others are connected with this by 
means of leather. The apparatus is 
divided into two compartments. V \ The blast pipe communicates with tho one 
above; if the lower one, air is introduced through tho lower valve, S. Whes 
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(he lever is drawn down, as shown by the arrow, the valve 8 closes, and the 
air being compressed, passes into U through the valves r r, raising C B, and par- 
tially escaping through the tube. With the reverse motion (accelerated by the 
weight P), the valves rr close, and the exterior air enters V by the valve 8, 
During this time, the upper weight, P', Causes C B to descend, and thus there is 
continually an escape of air by the blast-pipe. The weight may be replaced by 
a spring. 

282. Furnace blowers. — In blast, or high furnaces, blowing ma- 
chines are employed, by means of which a large volume of air is forced 
into the fire ; these machines are of very various construction. 

Fig. 227 represents one of them ; it consists of a cast iron cylinder, containing 
a piBton, p f of which the rod, t, passes, air tight, through a packing-box, d ; 
there are four valves, two of which 
a a' opening inwards, draw in air ; 
the air pusses out through the 
valves b b' which open outwards. 

The piston is set in motion by 
a steam-engine or water-wheel ; 
during its dveevut the vulves n and 
b' only are opened ; through the 
first, air is drawn in, through the 
second, it is expelled; during the 
(invent of the piston, the other 
valves a ' and b , act in the same 
manner. The expired and com- 
pressed air is received into the 
tube 7 /«, through which it is con- 
voyed to the furnace. Tn the great 
blowing machines at Scranton, Pa. 
the blast, is used under a pressure 
of five pounds to the square inch, 
driven by two ongiues of 1200 
horse p.'wer each. 

283. Escape of compressed gases. — When a compressed gas 
escapes from an opening in a thin wall, the velocity of its escape 
depends on the difference of the interior and exterior pressures, and 
on the density of the gas passing out. It has been proved, 

1. That with the same gas at the same temperature , the velocity of flow 
into a vacuum is the same at any pressure. 

That is, if we had a vessel filled with air, compressed at 1, 2, 3, or 1000 atmo- 
spheres, and allowed it to escape by a small orifice, the velocity of its flow would 
be the same during the whole time of its discharge. But the quantity of the 
gas that could escape in the same time would vary, being evidently proportional 
to tho density of the gas, that is, to the pressure. If the escape took place in a 
gas, as air, instead of in a vacuum, the velocity is then proportional to the dif- 
ference between the elastic force of tho interior and exterior air. 

2. The velocity of the escape of gases into a vacuum is in inverse rati o 
to the square root of thex * densities. 
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Where the gas escapes through long tubes instead of through otifices in 
a thin wall, the velocity is very much diminished, because of the friction, 
and is less in proportion as the tube is longer and its diameter smaller. 

284. Pneumatic ink-bottle. — In the pneumatic ink-bottle, fig. 
228, the ink in the tube c. is kept constantly at nearly the same level. 
By inclining the bottle it may be tilled us 228 

seen in A. The ink in A tends to force itself 
in the tube C, but is opposed by the atmo- 
spheric pressure, which is much greater than 
the pressure of the column of ink in A. As 
the ink in C is consumed, its surface, falling, 
will allow a small bubble of air to enter A, 
where it will exert an elastic pressure, and cause the ink in C to rise a 
little higher. This effect will be continually repeated until the bottle 
is emptied of ink. Bird-cage fountains are constructed on it similar 
principle. 
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285. The syphon. — The syphon used for decanting liquids, depends 
for its operation on the principle of atmospheric pressure. It consists 
of a bent tube, ft ft', fig. 220, having one of its arms longer than the other. 
It may be filled by turning it over, and pour- 
ing the liquid in, or by immersing the shorter 
arm in a vesssel of water, and applying the 
mouth at ft';, upon exhausting the air, the 
water will he forced up by atmospheric pres- 
sure, to supply the place of the air withdrawn, 
and there will then he a continual discharge 
until the vessel is emptied. 





The two branches being fdled with liquid, the 
pressures exerted at the points b and n will ho 
equal, for they are on the same level ; but the pres- 
sure exerted at h' will he greater, bemuse of the 
column n //. and the liquid will escape from this 
long branch because of this excess of pressure, and will draw after it the liquid 
in the shorter branch; if the cud of this he immersed, there will he a continual 
discharge as long as b is below the surface of the liquid, for the atmospheric 
pressure will cause the liquid to ascend, to supply the place of that which !• 
passing out; otherwise there would be a vacuum produced. 



It is evident that water could not he raised by means of a syphon 
more than thirty-four feet : for a column of water of that height is in 
equilibrium with the pressure of the atmosphere (2G1). The velocity 
of the flow from a syphon will be the same as if the liquid fell freely 
from a height equal to the distance between the level of the liquid in 
the vessel and the end of the long arm. To avoid the necessity of filling 
22 


226 


THE THREE STATES OF MATTER. 


a syphon by pouring, the form represented in fig. 230 is employed. %o 
use this instrument, the open end, 6', of the longer limb is closed by the 
finger, while a partial vacuum, created by sucking at the small ascending 
tube, ta , occasions the liquid to pass over as in the ordinary syphon. 

Intermittent syphon. Tantalus’ vase. — Fig. 231 consists of a 
vessel, A, containing a syphon, of which one of the branches opens below the 
bottom of the vessel ; the other is curved. When water is poured into the vessel 
A, it will rise to the same height in the interior 231 232 


of the tube as it attains outside. The tube will 


not act as a syphon until the vessel is filled to 
the height n, but when it reaches that point, 
the water will flow through a into the long 
branch, filling it completely, and the syphon 
being now supplied, will discharge water until 
the vessel is emptied. The syphon may be 
concealed in a little image, fig. 232, B, repre- 
senting Tantalus, so that just before the water 
touches his lips the syphon is filled, and the 
vessel is emptied. 




280. Intermittent springs. — There exist in nature intermittent 


springs, the water flowing regularly for a time, and then suddenly 


ceasing. In these springs the opening, 
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* charges the water faster than it flows into C, after a time its level would 
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be lowered to 6 ; air would then rush in by the syphon, the flow c f water 
would cease, and would not recommence until it had again attained the 
level n n. 

Intermittent fountain. — The intermittent fountain consists of a 
vessel of glass, C, fig. 234, whose aperture for the admission of water 
is hermetically sealed by an accurately-ground stopper. 

A glass tube A, passes through the vessel C, its upper end terminating above 
the surface of the liquid ; its lower end rests in a copper cistern, It, which has a 
•mall aperture for the escape of water. The globe being partial]} tilled, the 
water escapes through tho capillary orifices of the tube at 1>, in consequence of 
the atmospheric pressure transmitted through the lower end of the tube A. 
When the end of this tube becomes covered with water, which after a time hnp r 
pons (booause tho orifice in the cistern 11 does not allow so grcal a flow ol* wuter 
as can escape from the tubes at 1>), the exterior air cannot enter the globe, and 
in consequence the flow ceases. The water continuing to escape from ]>, in u 
little time the surface is so much lowered, that, the end of the tube, A, is out of 
water; the air then entering the globe, tho escape recommences, and so continue 
at intervals until C is emptied of water. 

287. Air-pump. — The air-pump, designed to produce a vacuum in 

235 



any confined space, was invented by Otto v. Guericke, burgomaster of 
Magdeburg, in 1650. Fig. 235 exhibits a very excellent form of the 
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air-pump, manufactured by Ritchie of Boston, usually called tlie 
form of air-pump. The essential part of the air-pump is the cylinder 
shown in seqjdon in fig. 230. This cylinder communicates with the bell 
glass, by means of a tube, shown in fig. 235, and with the external air by 
means of the tube g h (fig. 230). There are three 236 

valves, a, b, and c, all opening upward. The 
piston-rod passes through a packing-box, f£, in 
which it moves air tight, and the power is ap- 
plied by means of a lever, as shown in fig. 235. 

Suppose the piston to be standing at the bot- 
tom of the cylinder, when we depress the lever, 
the air from the receiver expands, rushing 
through the valve, a, into the empty space 
formed in the bottom of the cylinder, while the 
air above the piston is forced out through the 
valve c and the tube g h. With the reverse 
motion the valves a and c close, excluding the 
external air from the cylinder, and preventing 
the ret urn of air from the cylinder to the receiver. 

At the same time tho piston-valve, b , opens and 
allows the air below the piston to pass through into the upper part of 
the cylinder. When the piston rises again, this new volume of air 
which has passed above the piston is forced out through the valve c, into 
the external atmosphere, while another portion of rarefied air from the 
receiver expands into the cylinder below the piston, to pass upward and 
be forced out through the valve c at the next stroke of the piston ; and 
so on continuously, as long as the rarefied air in the receiver and cylinder 
has sufficient tension to open the valves. At each stroke of th * piston 
the air undergoes renewed rarefaction until the amount remaining in a 
good instrument is about one-thousandth of the original quantity, and 
tho space within the receiver may be regarded as a vacuum. The 
pump here figured is furnished with a barometric manometer, seen in 
tho left of fig. 235, by whieb the degree of exhaustion is directly indi- 
cated. The efficiency of the air-pump depends in a great measure upon 
the valves, which are best made of oiled silk. 



The construction of the upper valve, c, as made by Ritchie, is shown in fig. 
237. Tho disk of oiled silk, «, is kept in place by the pin 237 

0, and the whole is protected by the dome-shupod covering 
c. The tube ijh (fig. 236) discharges the air, and the oil 
which escapes with it is collected in a reservoir placed 
below the pump. 

An air-pump with two cylinders is commonly used in France, the 
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pistons of which are alternately raised and depressed by a rack and 
pinion motion. 

Degree of Exhaustion. — It is plain, on a moment’s reaction, that by 
Biechauical means uloue, it is impossible to produce a perfect, tocuuiu. There 
must always remain a eertaiu volume of air, inferior in tension to the gnivity 
and friction of the pump valves, By employing an atmosphere of dry hydrogen 
to rinse out the residue of comiuou air from an exhausted receiver, an approach 
to a perfect vacuum is made, inversely as the density of the two gases. Also 
by using carbonic acid for the same end, and absorbing the residue of this gM 
by dry quick-lime previously placed on the pump plate, a perfect vacuum may 
be produced; but by chemical and not by mechanical means. 

288. Compressing machine. — This machine is usod to compress 
the air or any other gas ; it 238 

is constructed like the air- 
pump, the only difference 
being that its valves open in 
a contrary direction, viz. : 
downwards. 

Fig. 238 shows a very neat 
form of the condensing pump 
as constructed by Ritchie, to 
illustrate the Mariottian law 
(275) and to liquefy gases. 

,289. Water - pumps. — 

Pumps are machines de- 
signed to elevate liquids above their former level. They are of two 
classes: 1st, those a<ding by atmospheric pressure; 2d, those which 
act independent of such pressure. They are commonly called either 
suction, or forcing pumps, or both united. 

290. Suction-pumps, — The Huct ion-pump, fig. 239, is composed of 
a tube, A, whose lower end is immersed in tin* water to be elevated 
This is attached to the body of the pump, C, which contains a piston 
furnished with a valve, r, opening upward. The upper extremity of 
the tube A, also contains a valve, o, opening in the same direction. 

When the piston is elevated from the lower part of the pump by working the 
handle, L, the valve r closes, and a partial vacuum is produced, hut the elastic 
force of the air in A causes the valve o to open, and part of the air thus 
passes into 0. The air in the tube is thus rarefied, and the water rushes up 
to such a height, that the weight of the column of water raised, ndded to the 
elasticity of the interior air, keep it in equilibrium with the atmospheric pres- 
sure. When the piston descends, the valve o closes by its weight, and pre- 
vents the return rf the air from the body of the pump, (\ into the tube A. 
The compressed air opens the valve r, and thus escapes into the atmosphere 
through B. After a number of strokes of the piston, fewer as the capacity of 
the tube a is less, the water will lie elevated above the lower valve ; now 1 
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the piston ii lowered, the valve r will open and the water pass above it. Upon 
elovating the piston, r closes, and the water iB 
raised in B, an^escapes through the spout S. 

As in this and the following pump, 
the water is elevated to the top of the 
tube by means of atmospheric pressure, 
it is evident, that even in the most per- 
fectly constructed pumps, the distance 
from the level of the water to the top 
of the pump must not exceed thirty- 
four feet (261), but those of ordinory 
construction contain defects, so that 
generally we do not gain a greater 
height than twenty-six or twenty-eight 
feet. But after the water has passed 
above the piston, the height to which we 
may elevate it, is limited only by the 
power applied at the piston ; for it is 
the ascensional force of this which ele- 
vates the water. 

291. Suction and lifting pump. — 

Sometimes the water raised above the 
piston, instead of passing upwards in 
the tube in which the piston works, rises by a lateral ascensional 
tube, S, furnished with a valve which prevents 241 

the return of the water, as is shown in a, r, S, 
tig. 2M9. 

That the rising of the water 
in tho tubo is due to the at- 
mospheric pressure, may be 
demonstrated by the appara- 
tus, fig. 240. After forming 
a vacuum in the reservoir 
which contains the vessel of 
water, the liquid will not rise 
in the tube when the piston 
in the pump, P, is raised, but 
upon admitting the air it is 
timidly elevated, as usual. 

292. Forcing-pump. — In 
the forcing-pump, the piston 
has ro valve. The 1'wer part of the cylinder in whioh it works is 




OF OASES. 


281 


placed in the water to be elevated, so that the valve r, fig. 241, which 
opens upward, is always immersed. The ascending tube a b contains 
a valve, S, also opening upwards, and an air chamber, m 

When the piston is raised, S is closed, and water is introduced by the 3pen 
valve r ; upop the descent of the piston, r closes, and the water is forced into 
the ascending tube, a b. The reservoir, m », filled with uir, is designed to ren- 
der the jet of water continuous. When the water is forced by the piston into 
the tube, the air is compressed in m u ; reacting afterwards by its elasticity, it 
continues to drive the water into the upper part of the tube, after S is closed, 
and .while the piston is rising. 

It is found necessary to have the air-chamber twenty-three times the 
capacity of the body of the pump, in order to render the jet continuous. 

293. Hotary pump. — The rotary pump is a mechanical contrivance 
for raising water by a continuous rotary movement. Fig. 242 repre- 
sents one of the most successful of these pumps (Cary's). Within a fixed 
cylinder is included a mova- 242 

ble drum, B, attached to the 
axis, A, and moving with it. 

The heart-shaped cam sur- 
rounding A, is immovable. 

The revolution of B causes 
the plates or pistons C C to 
move in and out, in obedi- 
ence to the form of the cam. 

The water enters and is re- 
moved from the chamber 
through the ports or valves, 

L and M ; the directions are 
indicated by the arrows. 

The cam is so placed that each valve is in succession forced back into its 
seat when opposite E, while nt the same time the oilier vulve is driven fully 
into the cavity of the chamber; thus forcing before it the water already there, 
into the exit pipe II, and drawing after it, through the suction pipo E, the 
stream of supply. When the pump is set in action, the suction-pipe is gradually 
exhausted of air, in which, consequently, the water ascends, and being thrown 
into the cylinder, it is there carried around by the plates C (\ in the manner just 
described. 

This is a form of pump often employed in the steam fire-engines now 
ooming into general use. 

* 294. Fire-engine. — In order to obtain a continuous and powerful 

jet of water from fire-engines, they are usually constructed with two 
forcing-pumps, which are alternately discharging water into a common 
air-chamber. The pistons are moved by brakes, having an oscillating 
motion The water from both pumps, forced into the air-chamber* 
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escapes through a long leathern hose, terminated by a metal tube, 
which serves to direct the jet. 

295. Hiero’s fountain. — In this apparatus we also obtain a jet of 
water by means of air, compressed in this case by a column of wat*r 
A common form of this apparatus is repre- 243* 


sen ted by fig. 243. 

It consists of a metallic cistern and two globes 
of glass, I lie cistern, I), communicates with the 
lower part of the globe N, bv the tube B ; a second 
tube, A, joins the globes, ending in the upper part 
of both; M is partially filled with water; and 
lastly, a third tube passes through the cistern, and 
terminates at the bottom of M. The upper extremity 
of this tube has a small orifice, from which the jet 
of water issues. 

Upon pouring water into the cistern D, the 
liquid descends to N, by the tube B, conse- 
quently the water in the lower globe, N, sup- 
ports, besides the atmospheric pressure, the 
pressure of the column of water in the tube. 
This pressure is transmitted to the uir in the 
globe, M, which, reacting on the water, forces 
it out through the jet, as seen in the figure. 
If there was no friction, and no resistance 
from the air, the water would spout to a 
height equal to the difference in level of the 
water in the two globes. 

296. Hydraulic ram. — In the hydraulic 
ram, the momentum of a part of the fluid in 
motion, is effective in raising another portion. 
A simple form of this apparatus is seen in 
fig. 244. The water descends from the spring 



or brook, A, through the pipe B, near the end of which is an air-chad 


her, P. and rising main, 


244 


F. The orifice at the ex- 
treme end of B, is opened 
and closed by a valve, E, 
oj oning downwards. 

'When the valve E is open, 
tho water flows through B, 
until the current becomes 
sufficiently rapid to raive the 
valve K, and thus to close 



* 


the orifice. The water in B having its motion thus suddenly checked, exerts • 



OF OASES. 


233 


g?eat pressure, and having raised the valvo C, will rush into the aif-vesscl D, 
where it compresses the air. The compressed air in D, because of its elasticity, 
causes the water to rise in the pipe F, until the water in A B is brought to rest. 
When this takes place, the pressure is again insufficient to sustuiu the weight 
of the valve E, which opeus (descends), the 245 


water in B is again put in motion, and the 
lame series of cffocts ensue as have already been 
described. 

The hydraulic ram, when well con- 
structed, is capable of utilizing about CO 
per cent, of the moving power. 

297. Chain-pump. — The chain-pump 
acts independent of atmospheric pressure. 
It consists of a cylinder, tig. 245, whose 
loafer end is immersed in the water of the 
reservoir B, and whose upper part enters 
into the bottom of a cistern, C, into w hich 
the water is to be raised. An endless 
chain is carried around the wheels above 
and below, and is furnished, at equal dis- 
tances, with circular plates, which tit 
closely into the cylinder. As the wheel 
is revolved by means of power applied 
usually by a winch, the circular plates 
successively enter the cylinder and carry 
the water up before them into the cistern, 
from which it passes out by a spout. 



298. Archimedes’ screw. — This machine is said to have boon ic. 


vented by Archimedes in Egypt, to 
aid the inhabitants in clearing the 
land from the periodical overflow ings 
of the Nile. The instrument varies 
in its form, according to the manner 
and purposes of its application. To 
render the principle upon which it 
works intelligible, let us suppose a 
tube bent in the form of a cork- 
screw, and inclined in the manner 
shown in fig. 246. If a hall be 
placed in A, it will fall to B, and 
there remajn at rest; if the screw 


246 



be now turned so that the mouth A is placed in its lowest position, 


the point B, during such a motion, will ascend, and will assume the 
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highest position it can have. The ball will then fall to C ; by continu- 
ing the revolution of the screw, the ball will ascend in the tube, and 
finally will be discharged from the upper mouth. The same would 
happen with a portion of liquid. If the lower extremity of the screw 
was immersed in a reservoir of liquid, it would gradually be carried 

347 



along the spiral as the screw was turned, to any height to which th 
screw might extend. In practice, the screw is more commonly formed 
of a cylinder, to the walls of which is attached a spiral thread, as 
shown in fig. 247. Besides liquids, these machines are used for ele- 
vating ores in mines, or grain in breweries, &o. They are commonly 
used at an inclination of about 45°, but may be used at G0° ; revolving 
100 to 200 times a minute. 


Problems on Pneumatics. 

Atmospheric Pressure. 

134. What weight could bo lifted by the apparatus* shown in fig. 202, if the 
mouth of the jar is 5 inches in diameter, and the air within the jar is exhatftted, 
10 as to leave it but one hundredth part its normal density ? 

135. What force would he required to separate two Magdeburg hemispheres, 
laving an intcrnul diameter of ton inches, if a perfect vacuum were formed 
within ? • 

136. A mass of metal, whose spocific gravity is 11*35, weighs in a vaouum 
736 grains ; how much will its woight be diminished if weighed in the open air?* 

* In these problems the barometer is supposed to stand at 30 inches, and the 
thermometer at the freezing point 
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IS7. A mass of iron (Sp. Gr. 7*8) weighed in air with brass weights «Sp. Gr. 
6*3) 460 grains, what would it weigh in a Vacuum ? 

138. A glass globe, from which the air has been exhausted, weighs 254*7.36 
grammes ; when full of air, it weighs 5422-737 grammes ; when full of another 
gas, 651-175 grammes ; what is the capacity of the globe, and what is the specific 
gravity of the gas ? 


Barometer and Balloons. 

139. To what height will sea water (Sp. Gr. — 1-02G) rise in a Torricellian 
tube, when the barometer stands at 28 75 inches ? 

140. When the mercury barometer stands at 30 inches, what must bo the 
length of a water barometer inclined to the horizon at an angle of 30° ? 

141. What would be the height of a sulphuric acid barometer (Sp. Or. sul- 
phuric acid, 1-85) when the mercurial baromoter stands 29*35 inches? 

142. Measurement of the height of the highest peak of the Smoky Mountain, 
(Lat. 36° N.) in North Carolina, September 8, 1859, by l’rof. A. Uuyot. By 
observation at 8£ a. m. 

Barometer. Temperature Temperature 
Eutf. inches, of Barometer. of air. 

Lower station, R. Collins' house, 4 ft. above 

ground, h = 27 802, T — G6°-4, t 65°*I. 

Upper Station, Smoky Dome, 4 feet below 

summit h'=z 23 963, T' ^ 51°-8, V 61°-4. 

Mr. Collins' bouse being 2500-2 feet above the ocean. 

Calculate from these data the height of Smoky Dome above tho ocean. 

Altitude calculated by Prof. Guyot, GG55 85 feet. 

143. What is the ascensional force of a spherical balloon, 30 feet in diameter, 
filled with common illuminating gas (Sp. Gr. -4H5), the weight of the balloon and 
car attached being 200 Ilis.? What if it were two-thirds filled with hydrogen 
(Sp. Gr. of hydrogen, 0-069)7 

144. A balloon entirely filled with illuminating gas (Sp. Gr. -500), is so bal- 
lasted that it rises to an elevation where the mercury stands at 15 inches. Suppose 
one-half the gas is now liberated, will the balloon rise or fall ? ami whnt amount 
of ballast should be put in, or thrown out, to cause the balloon to remain sta- 
tionary, at the same elevation as before any gas was liberated? 

Mar ip tie’s Law. ( Regarded as invariable.) 

145. What proportion of a tube, 34 feet high, can be filled with water, the 
contained air being assumed to be compressed at the bottom of the tube ? 

14G. A faulty barometer (containing air) indicated 29-2 and 30 inches, when 
the indications of a correct instrument were 29-4 and 30-3 inches respectively; 
find the length of tube whicb the air in the column would fill under the pressure 
ofeO inches ? 

147. A glass globe, 10 c. m. in diameter, hermetically sealed, weighs 43-120 
gram, when the barometer stands at 74 5 c. m. What would it weigh if the 
barometer stood at 76 c. m. ? 

148. A glass globe hermetically sealed, 30 c. in. in diameter, suspended to one 
arm of the balance, is poised by 320-422 gram, in brass weights, when the baro- 
meter stands at 76*21 c. in. After a time, it is found to have lost in weight 
0*022 gram. What is now the height of the barometer, supposing the tempera- 
ture not to have changed ? 
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CHAPTER V. 

* OF UNDULATIONS. 

{ 1. Theory of Undulations. 

209. Origin of undulations. — By the operation of certain forces, 
the different parts of all bodies are, ordinarily, held in a state of equi 
librium or rest. If the molecules of a body are disturbed by any 
extraneous force, they will, after a certain interval, return to the state 
of repose. This return is effected by the particles approaching the 
position of equilibrium, and receding from it, alternately, until at 
length the body, by the resistance of the medium in which it is placed, 
and by other causes, is gradually brought to rest. The alternate 
movements thus produced, are variously expressed by the terms vibra- 
tions, oscillations, waves, or undulations, according to the state or form 
of the body in which such movements occur, and the character of the 
motions which are produced. 

300. Progressive undulations. — Undulatory movements are of 
two kinds, progressive and stationary. In progressive undulations, the 
particles which have been immediately excited by the disturbing caueo, 
communicate their motion to the particles next them, and as this move- 
ment of the particles is successive, the position they assume at any 
particular moment during their motion, appears to advance from ono 
place to another. 

This kind of undulation is observed in a cord made fast at one end, while 
fcho other is smartly shaken up and ,/ 248 

down ; the portion of the cord nearest 
the hand will assume the position in 
fig. 248, I, in d E 0. Such a wave 
docs not continue stationary; the II m.— -• 

moment it is formed, it advances # 

toward the other extremity of the 
cord, II, on reaching which, III, 
nn inverted curve is produced, IV, 

*nd the wave returns, V, to the 
position from which it started, the 
relative position of the elevation 
and depression being reversed. This V i 

alternate movement may be repented a number of times before the cord come# 
to rest. Those are sometimes called waves of translation. 




Of UNDULATIONS. 


237 


301. Mechanical illustration of undulations. — In fig. 249 is 

shown Powell's apparatus for illustrating progressive undulations. A* 
series of balls are so mounted 249 

upon metallic rods that they 
have freedom of motion only in 
a vertical direction. On a shaft 
turned by a crank, shown in the 
lower part of the fgure, are 
placed a series of eccentric 
wheel*- (one under each rod) so 
arranged us to raise the rods one 
after the other. When one rod 
is rising another is fulling, and 
the wave appears to travel from 
one end of the series to the other. 

As soon as one wave disappears 
another is formed, and these 
waves succeed each other like 
the undulations of a cord. 

302. Stationary undulations. — Undulations are termed stationary 
when all parts of the body assume and complete their motion at the 
same time. 

Thus, when a cord stretched between A B, fig. 250, is drawn at the middle 
from its rectilinear position, it ultimately recovers its original position, after 
performing a scries of vibrations, in which all parts of the cord participate 

303. Isochronous vibrations. — Those vibrations that perform Iheir 
journey on either side of their normal position in equal times, are 
termed isochronous (from aro?, equal, and %povos, time). 

The movements of a pendulum furnish a perfect illustration of such vibra- 
tions (78). 

304. Phases of undulations. — In every complete oscillation, or 
perfect wave, the following parts may be recognised. The curve 

250 251 




aebdcy fig. 251, is called a wave. The part a eh , which rises above 
the position of equilibrium, is called the phase of elevation of the wave, 
e being the point of greatest elevation; the curve b dc is called the 
phase of depression of the wave, the point d being that ”*f greatest 
28 
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depression. The distance e f % of the highest point above the position 
of equilibrium, is called the height of the wave, and in like manner the 
distance gd y of the lowest point below the position of equilibrium, is 
called the depth of the wave. The distance ac, between the beginning 
of the elevation and end of the depression, is called the length of the 
wave, the distance a b the length of the elevation, and b c that of 
depression. 

305. Nodal point*. — When a body, as a string, is made to assume 
a series of stationary vibrations, the points where the phases of eleva- 
tion and depression intersect, are always at rest. 

Let the cord stretched between A B, fig. 252, be temporarily fixed at the points 
C and 1), and the three parts be drawn at the same moment equally in contrary 
directions, so that the cord will 252 

assume the undulating form repre- 
sented in the figure ; if now the 
fixed points at C and U bo removed, 
no change will take place in the 
vibratory motion of the cord; but as it continuum to vibrate, the points C and 
D, although free, will be in a state of rest. 

Pieces of paper resting upon these points will be undisturbed, while, 
if placed on the intermediate positions, they would be thrown off inime* 
diately. These are culled nodal points (Latin, nodus , a knot). 

$ 2. Undulations of Solids. 

300. Solid bodies. — All solid bodies exhibit the phenomena of 
vibration in various forms and degrees, varying in an infinite variety 
of ways, according to the form of the body, and the manner 253 
in which the force producing the vibration is applied. 

307. Forms of vibration. — Bodies of a linear form, 
as tense strings, fine wire, &c., are susceptible of three 
kinds of vibration, which are ealled (1st) the transverse, 

(2d) the longitudinal, and (3d) the torsional vibrations. 

A simple apparatus to exhibit these effects experimentally, 
contrived by Prof. August, is represented in fig. 253. It 
consists of a spirally twisted wire, stretched from a frame 
by a weight. If the weight be raised to A, and then let 
fall, it will advance and recede from its normal position, 
the wire performing a series of longitudinal vibrations. 

Transverse vibrations are produced by confining the lower end of the 
wire by a clamp. The wire is then drawn from its position of equili- 
brium and suddenly let go. The vibrations which it then makes, show n 
by the dotted lines, are transverse to the axis of the wire. Torsional 
vibrations are produced by turning the weight around its vertical axis; 
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Upon letting it go, tho torsion, or twist of tho wire causes it to turn back, 
its inertia carrying it beyond its position of equilibrium, until arrested 
by the resistance of the wire, and these alternate twistings will cnutinuo 
with a constantly decreasing energy, until gravity, and the molecular 
forces of the solid, restore the equilibrium. 

308. Vibration of coids. — Cords and wires, as is familiarly soou 
in stringed instruments, have thoir elasticity developed by tension. 
The transverse vibrations of a body are well illustrated by tho simple 
apparatus annexed. 

Thus if tho cord af /», fig. 254, l»o drawn out in tho middle to u c b, upon boing 
lot go, its elasticity causes it to return 254 

to its former position. This movement 
is effected with an accelerated velocity, 
and is at its maximum when the cord has 
reached the line of equilibrium «//*, con- 
sequently it pusses with a constantly decreasing velocity to a d b, whore its 
motion Is nothing ; it then returns lo «//>, and so continues. 

One complete movement, (as from neb to a <1 />,) is termed an oscil- 
lation or vibration, and the time occupied in performing it is called the 
time of oscillation. The vibrations of tense strings arc isochronous. 

309. Laws of the vibration of cords. — Calculation and experi- 
ment have demonstrated, that the vibration of cords is in accordance 
with the four following laws. 

1. The tension being the same, the number o f vibrations of a cord is in 
inverse, ratio to its length. 

That is, if an extended cord, as of a violin, makes in a certain time a number 
of vibrations, represented by 1, then, in order to make a number of vibrations, 
represented respectively by 2, 2, 4, the curd must bo £, i as long. 

2. The tension being the same , the number of vibrations in cords of 
the same material , is in the inverse ratio of their thickness or diameter . 

That is, if we take two cords or wires of the same length, of copper or steel, 
as those of a piano, one of which is twice the diameter of the other, and which 
vibrato equal lengths, tho small one will make, in the same time, twice us many 
vibrations as the larger. 

3. The number of vibrations of a cord is proportional to the square 
root cf the stretching weight. 

That is, if we represent by 1 tho number of vibrations made by a cord, 
extended by a weight of 1, then the number of vibrations made by a similar cord 
of the same longth, in tho same time, becomes respectively 2, 3, 4, Ac., when the 
weight is increased to 4, !), 16, Ac. Thus, if we would cause a given cord, as 
of a violin, to vibrate with a four fold velocity, it is necessary to strain it to 
sixteen-fold tho original tension. 

4. All other things being equal , the number of vibrations of a cord it 
inversely proportional to the square root of its density. 
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Thus, if wo tako a cord of oopper which has a density of 9, and one of sit- 
gut, whose density is about 1, the number of vibrations of the last in the same 
time will be three times that of the former. 

It is evident that these laws apply only to homogeneous cords, and 
not to those cords which are covered with another material, as a barf 
string of cat-gut, covered with metallic wire. 

31.' Vibrations of rods. — Rods, like cords, vibrate both in longi 
tudinal and transverse directions. If they are fixed firmly by one ot 
their extremities, as in a vice, they will give, when set in motion, a 
series of isochronous vibrations. 

Elastic rods may, like strings, be divided by stationary undulations 
into several vibrating parts. The nodal points may be ascertained by 
placing upon the rods light rings of paper; these will be thrown off as 
long us they rest, upon any point except a node, but when they reach a 
node, they will remain there unmoved. 

The space between the free extremity and the first nodal point is equal to 
half the length contained between two nodal points, but it vibrates with the 
same velocity. Thus n, fig. 2 ft it, being the fixed, 255 

and b the free end, the part between b and c is 
half the distance re'. The nodal points may he 
rendered sensible by sand strewn upon the hori- 
rental surface of the vibrating rod ; the sand is seen to move to certain points, 
where it remains stationary ; these are the nodes. 

Rods may also, like cords, vibrate longitudinally, and the nodal 
points are formed in the same manner. It has been observed in elastic 
rods of the same nature, that the number of longitudinal vibrations is 
in the inverse ratio of their length, whatever may be their diameter 
and the form of their transverse section. 

A prismatic bar, vibrating longitudinally, undergoes a very consi- 
derable increase of length, which, in the state of repose, could not be 
produced except by a very strong tension, while the vibratory movement 
is obtained by a very feeble force. 

The number of vibrations by torsion in rods, is in the inverse ratio 
of their length, and is proportional to their thickness, the substance in 
all cases remaining the same. 

311. Paths of vibration. — The motion performed by vibrat'ng 
rods is often very complex. This may be beautifully seen by the con- 
trivance of Prof. Wheatstone, consisting of a polished bead fastened on 
the extremity of an elastic rod, as of a knitting-needle, firmly fixed in 
a board or vice. 

Upon making the rod vibrato, the bead, by reflection, will produce a continu- 
ous line of light. It will be seen that the arc described is not circular, but the 
rod appears to be impressed at the same time with two vibratory movements, at 




OF UNDULATIONS. 


241 


tight angles to each other, and mores in a cur re produced by the composition of 
those forces. 

312. Vibration of elastic plates. — Vibrations are readily excited 
in elastic plates by the friction of a violin-bow or by blows. The plate 
may be confined either at its centre 
or from one corner, in the vice, fig. 

256, resting upon a cone of cork, c, 
and pressed by the screw a, tipped 
with cork. 

In the vibration of plates, nodal 
lines will be formed, which do not 
participate in the movements of the 
plane, but remain in a state of rest. 

313. Nodal lines. — These nodal 
lines answer to the nodal points in 
linear vibrations, and if wo suppose 
the plane to be made up of a scries 
of rods, these lines will answer to their nodal points. They run in 
various directions across the vibrating surface, the contiguous ones 
moving in contrary directions, dividing the planes into numerous por 
tions in opposite phases of vibration. 

This is shown in fig. 257, by tin* signs j and A 11 being tho vibrating 
plane. The dimensions of these internodes (vibrating portions), are regulated 
in the same manner as those of vibrating rods. 

The outside ones, a b , a b, aro ul ways half the 
size of those in the interior. The nodal lines 
vary in their number and position, according to 
the form of the plates, their elasticity, the num- 
ber of vibrations, the mode of vibrating, Ac. 

314. Determination of the position 
of the nodal lineB. — The {msiLion of the 
nodal lines may be determined by scatter- 
ing sand or other fine material over the 
plate, and vibrating, as by means of a — 
violin-bow drawn across tlio edge of the 

plate ; the grains of sand w ill remain upon the points which are at 
rest, and which are therefore nodal points. Those which are upon 
vibrating portions, will bo thrown aside until, after a time, they will 
settle quietly down upon the nodal lines. 

It is observed that if lycopodium , or some other very light powder, is placed 
upon the plates, it will accumulate on those parts which are in greatest vi.ira- 
tion. Mr. Faraday proved that ibis phenomenon was due to small currents of 
air produced during the vibration of the plate, and wlijch drew the powder with 
them; for in a vacuum, the powder of lycopodium is disposed, like sand, upon 
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tbe nodal lines, and for the same reason ; if the plate covered with sand Sa 
vibrated under water, the sand collects upon the most agitated portions of the 
plate, because of the similar currents excited in the water by the vibrations. 

315. Laws of the vibration of plates. — Observation has deter- 
mined that the vibration of plates of the same substance, and having; 
the same degree of rigidity, are subject to tbe following laws : — 

1. That the number of the vibrations is independent of the breadth if 
the lamince. 

2. It is proportional to their thickness. 

3. The thickness being the same , it is in inverse ratio of the square of 
their length. 

310. Method of delineating nodal lines. — As these nodal lines 
assume various and complicated figures, difficult to delineate with 
accuracy by common drawing, Savart replaced the sand by powdered 
litmus, previously mixed with gum water, dried and pulverized to a 
uniform size. The acoustic figures being produced with this powder, a 
paper moistened w ith gum water was then gcutly pressed upon them, 
thus giving an exact transfer. 

This method gave great facilities for the comparison and study of these fugi- 
tive figures, so difficult to produce with perfect identity, and enabled the invontoi 
to determine the exact limits of the nodal lines and areas of unequal vibration. 

25H 

b r d C f 



317. Nodal figures. — 
symmetry of form, and 
their lines are generally 
as much more numerous 
as the number of vibra- 
tions is greater. The 
same plate may furnish 
an infinite variety of* fig- 
ures, which pass from one 
to another in a continu- 
ous manner, and not by 
sudden changes. Thus the 
figures a b c d e1\ fig. 25H, 
pass into one another 
without intermission. 


Nodal (or acoustic) figures have always a great 
259 
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Many bund rad forms of nodal figures have been figured. Fig. 259 represents 
a few of those obtained on square plates. Triangular and polygonal jdates all 
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give symmetrical figures, analogous to those obtained with square plates, as ft 
•een in fig. 200. With circular plates it is observed that tho nodal lines distrl 

260 



huto themselves in the drrrii.uj «»t* the diameter, dividing the eirele into an 
equal number of parts, or into more or less regular eireuhir forms, having tho 
centre of the plate as their common centre, or in both of those forms combined. 
Fig. 261 represents these ditl'eront varieties of form. 
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318. Vibration of membranes. — -The flexibility of membranes 
docs not permit us to vibrate them unless they are stretched as in a 
drum. They present modes of 262 

vibration which have much ana- ^ j 

logy to those of solid plates, ^ ^ 

vibrating either by concussion, f \ 

as in the drum, or by the influ- 
ence of vibrations in tho air. 

If we stretch over the top of a 
funnel a piece of moistened 
bladder and when it is dry, 

mispend the apparatus by a Tj j 

knotted hair passed through , v l 1 ' 

the centre of the membrane, we ^ LAX 

can produce symmetrical nodal 
linos upon its surface, strewed 
with sand, by passing the fin- 
gers, covered with resin, over the hair. The same phenomenon may b# 
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observed, if we bring the membrane near a bell while it is vibrating. 
The acoustic figures obtained by the vibration of membranes are ex* 
trcinely varied. Savart has observed that square membranes are 
divided by their nodal lines into the same forms as square plates under 
the same circumstances, with this difference, that the vibrating parts 
in the vicinity of the edges are smaller for the last, while they are 
equal to the others in membranes. Fig. 202 represents a few of the 
forms produced in the vibration of membranes. It 1ms been found 
that wood and metals, in very thin laminae, vibrate like membranes. 

$ 3. Undulations of Liquids. 

310. Production of waves. — Liquids are capable of assuming 
undulatory movements, similar to the vibrations of solids, differing 
from them, however, in some respects, in consequence of the different 
physical arrangement of their atoms. If a depression be made at any 
point in the surface of a fluid in a state of rest, by the dropping 
in of a solid, as of a pebble into water or by immersing and then 
withdrawing the solid, a circular undulation will be produced. Around 
the point of depression there first rises a circular elevation above the 
level of the liquid when in equilibrium, and immediately beyond this 
is a circular depression, and so, alternately, successive elevations and 
depressions. Thus the initial motion will be gradually propagated in 
a series of progressively widening circles ; wave follows wave, until 
opposing causes allow the equilibrium to be regained. Thus, in fig. 
263, the light circles D and F represent the elevations, and the shaded 
ones, C, £, G, the depressions of these 263 

circular waves. 

As in tho case of the vibrations of 
solids, an entire undulation consists of a 
phase of depression, and another of ele- 
vation. This may be rendered mors in- 
telligible by conceiving a vertical plane, 

A 11, to pass through the point C, whence ^ 
the wftvcs originate. It is plain that a 
progressive lineal undulation will arise 
on it, resembling that of the cord, fig. 

248. This section is seen in fig. 264, 

A' C' 11', and tho nomenclature used for 
the cord applies to it, with this difference 
only, that by the breadth of the wave is meant the periphery of its circle, and by 
Its length, the length of both the elevated 
and depressed portions. (Peschell.) 

320. Progressive undulations in 
liquids. — In a movement of the kind 

just indicated, the fluid appears as if its entire mass advanced 
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gressively from the point of excitation ; but this is a delusion. Float, 
ing bodies, as pieces of wood, are not hurried forward on the sur- 
face of the water, but merely rise and fall, alternately, as the waves 
pass. The true nature of the motion is such, that each particle of the 
fluid describes a vertical circle about the spot where it may happen to 
be, revolving in the direction in which the wave is advancing. Tho 
particle thus returns to its former position in the same plane, one-half 
being above, and the other half below the lever<*f the (laid. Kuoh 
^article of fluid thus set in motion, impacts a similar movement to its 
rontiguous particle, this again to the next, and so on. Hut as a certain 
ime must elapse for this transmission of motion, the different particles 
will be describing different portions of their circular movement at tho 
same moment. Some will be at the highest point of their vertical circle, 
while others are in an intermediate position, and others at the lowest, 
giving rise to a wave which advances a distance equal t»» its whole 
length, while each particle performs one entire revolution. 

For the sake of simplicity, we will consider only eight of. the many particles 
which we may conceive as occupying the horizontal surface between « ami »i, 
fig. 265. Imagine the particle a to be at rost, when a descending wave strikes 
it. It will be depressed, and will begin to revolve in a vertical circle iu the 
direction of the arrow. If we consider eight such particles to be situated on the 

J64 * 

a 

line a m, and that each particle begins its motion & of a revolution later than lie 
neighbor next on the left hand; then at the instant when a has completed one 
entire revolution, the second will be ono-cighth behind it, vis.: at 7; the 3d, 
two-eighths behind it, viz. : at 6 ; and the fourth, fifth, sixth, seventh, and oighth, 
at the points 5, 4, 3, 2, and 1 respectively, whilst the Oth particlo is but just 
beginning to move. Conneot the points a, 7, 6, 5, 4, 3, 2, 1, m, and tho line will 
represent the form of the fluid surface at that precise moment of the undulation. 

The diameter of the circle which each particlo describes, is the ampli- 
tude or intensity of the wave, c6 its depth, and (ft its height, each of 
which is equal to the radius of a circle which any particle describes 
during one oscillation. This radius is longer or shorter according to 
the amplitude of the wave. It is sometimes twenty feet, which makes 
a very high wave, probably the largest which ever occurs on the ocean 
in a violent storm, unless it be those waves which have been increased 
by the accumulation of wave upon wave. 

321. Stationary waves. — Stationary undulations may be produced 
by exciting waves in a circular vessel, from its central point. The 
waves being reflected from the circular wall, will produce another series. 
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which, combined with the first, will produce the effect of a stationary 
undulation. So also they may be produced on a surface of a liquid 
confined in a straight channel by exciting a succession of weaves, sepa- 
rated by equal intervals, moving against the side or end of the channel, 
and reflected from it. 

322. Depth to which waves extend.— Waves, or undulations, 
are not only propagated laterally, but also in all other directions. It 
has been ascertained (by the Messrs. Webber) that the equilibrium of 
the liquid is not disturbed to-a greater depth than about three hundred 
and fcfty times the altitude of the wave. 

323. Reflection of waves.— If a series of progressive waves are 
arrested by impinging against any solid surface, they will be reflected 
again from that surface under the same angle at which they struck it. 
This reflection of waves is occasioned by elasticity, and obeys, precisely, 
the laws which regulate the impact of elastic bodies. 

Since this law applies to all the rays which constitute the breadth of 
a wave, the path of a reflected wave may readily be determined by a 
knowledge of the surface and the angle of incidence. If the wave is 
linear, (that is,* if the line resting upon the highest point of the elevation 
at right angles to the direction in which it is moving, is a straight line), 
and it meets a plane surface, it will be reflected, and return in the same 
pifth. If it meet the surface at an angle of 20° or 30°, it will be reflected 
at the same angle, on the other side of the perpondicular to the reflect- 
ing surface. 

324. Waves propagated from the foci of an ellipse. — If the 

vessel is in the form of an ellipse, and a wave originate at one of the 
foci, all the rays will converge so as to fall 
umultaneously, after reflection, on the other 
focus. 

Fig. 266 represents an ellipse, of which F and 
F' are the foci, which have the following property. 

If lines bo drawn from foci to any points, 

P, P, P, in the ellipse, these lines will form equal 
angles with the ellipse at P, and their lengths 
taker, together, will be equal to the major axis 
A Ii. If we suppose a series of circular progres- 
sive waves propagated from the focus F, their rays 
will strike successively and at equal angles upon the elliptical surface, as at the 
points P P P ; they will be reflected in the direction P F', towards tlio other focus. 
But us all the points of the same wave move with the same velocity, they will 
all reach the focus F at the same time, for the distances they pass over are equal. 
Hence it follows, that each circular wave that expands around F, will, after it 
hat been reflected from the surface of the ellipse, form another circular wave 
around F' as a centre. 

325. W«?t» propagated from ths footui of s parabola. — If th* 
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surface be a parabola, and a wave originate at its focus, all the rays 
will, after reflection, pass in parallel lines. Or, if tho rays impinge in 
parallel lines, they will, after reflection, converge to the focus. 

Fig. 267 represents the parabolic curve. The point V is its vertex, the line 
V M its axis. The point F, npon the axis, is the focus, abd has the following 
property. If lines bo drawn from the focus to any points, 267 

P, in the curvo, and other Hues be drawn from the points, P, 
severally parallel to the axis V M, meeting lines W W, drawn 
perpendicular to the axis, the lines F P and P p will be in- 
el ined at equal angles to the curve at the point P, and the 
sum of their lengths will be everywhere the same. Hence 
it may be demonstrated, as in the case of tho ellipse, that if 
a series of progressive waves be propagated from the focus 
F, these waves, after striking the curve, will be reflected, so 
as to form a series of parallel straight waves. 

* Moreover, it is evident that if two parabolas face 
each ether, so as to have their axes coincident, a sys- 
tem of progressive circular waves, issuing from ono focus, will bo fol 
lowed by a corresponding system, having for its centre the other focus. 
For if a series of parallel straight waves striko a parabolic surface, 
their reflection would form a serios of circular waves, of which tho 
centre would bo the focus. 

Kays reflected from spherical surfaces, whoso extent is small com- 
pared with their diameter, will, in their direction, approximate closely 
to those* reflected from a parabolic boundary. 

320. Circular waves reflected from a plane. — If the diverging 
rays of * circular wave fall upon a plane surface at right angles to it, 
their poth, after reflection, is the same as it would have been had they 
originated from a point on the opposite side of 268 

the plane, and as far back as the point of origin 
itself ; that is, the form of the reflected wave 
will be the reverse of the incident wave, for tho 
rays which first strike the surface will he re- 
flected first, and w ill have returned to tho same 
distance from the surface at the time when the 
last rays meet it, that these last rays were at the 
moment when the first were reflected. 

Thus, (.appose the wave gn d, proceeding from the centre e, fig. 268, impinges 
on the pla.no surface, c f. The form of the wove, after reflection, will be the 
same that it would have been hod it proceeded from r', on the other side of <*/, 
(at the same distance). It is evident that with a circular wave, all its points 
Cannot i cringe at the same time on a plane, therefore, the portions in advance will 
impi go, f -«t, and will first be. reflected ; and when a impinges, the rays at d and 
g have ei.» 1 to go through the distances d e and gf, before, they can he reflected; 
but in tl/ space' of time required for ibis, the ray at a will have reMarned to the 





248 


THE THBEE STATES OF MATTES. 


point k. In the same way it may be shown that the intermediate rays will 
return tc intermediate positions, and he found in the line e kf, symmetrically 
Situated to the line e n /, in which they would have been had they not been 
reflected from the plane. And it further follows, that the centre, c\ of the 
reflected wave d kg, is a* far from a /, as is the centre, c, of the incident wave, 
t nf, but on the opposite side of the median plane, e a /. 


327. Combination of waves. — Where two systems of waves, 
coming from different centres, meet each other, several effects may fol- 
low, according to the mode of meeting, which curiously illustrate the 
principles of undulation in all departments of physics. 1st. If the 
elevations of the two waves coincide, and, consequently, their depressions 
also, then a new wave will be formed, whose elevations and depressions 
will be the sum of those of the two originals. 2d. If the two waves 
of equal amplitude are so superimposed that the reverse of the last ease 
is true, i. e ., that the elevation of one fits the depression of the other, 
then both waves disappear, and the surface remains horizontal. Or, 
3d, if one wave has greater amplitude than the other, and the two 
waves meet in the same phase, then the resulting wave will have a 
height equal to the difference between the greater and the less. 

Combinations, and interference of waves, are of universal occurrence 
^in all media, in which force of any kind is propagated by undulations. 

328. Interference in an ellipse. — The two systems of waves formed 

by an elliptical surface, and propagated, one directly around one of the 
foci, and the second formed by reflcc- 269 

tion around the other, exhibit not 
only the phenomena of reflection, 
but also of interference. These 
phenomena arc represented in tig. 

269, where a and b are the two foci. 

The strongly marked lines are the M 
elevations, the more lightly traced T 
linos are the depressions, the points A 
where the more strongly marked V 
circles intersect the more faintly 
marked circles, are points where 
an elevation coincides with a de- 
pression, and are therefore points 
of interference. The series of these points form lines of interference 
which are indicated in the diagram by dotted lines, which, as will be 
seen, arrange themselves regularly in the form of hyperbola and ellipses 
about these foci. 

329. Undulations of the waters of the globe. — The undulations 
produced in the oceans, lakeR, rivers, and other large collections of 
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water upon the surface of the globe, are of extreme importance in the 
economy of nature. Did not water possess, as a consequence of the 
mobility of its particles among each other, the property of being thus 
set in motion, the ocean would soon be rendered putrid by the docoin 
position of the mass of organized matter it contains. The principal 
physical cause which produces these undulations on a moderate scale, 
is the motion of the atmosphere. On a large scale they are produced 
by the combined effects of the attraction of the sun and moon upon 
the surface of the ocean, which causes tho ebb and tlow of tides. 
Differences in temperature and density of the waters of different parts 
of the ocean, cause currents, by the efforts of these waters to assume a 
state of equilibrium ; and lastly, the rotation of tho earth upon its axis, 
originating the coustant easterly current. A full discussion of these 
interesting questions belongs to Physical Geography. 

g 4. Undulations of Clastic Fluids. 

330. Waves of condensation and rarefaction. — The undulations 
of liquids already described (310) are surface waves. Undulations of 
the same kind may also be produced in elastic fluids. Plastic fluids 
arc also subject to undulations of a totally different kind called ware* 
t if mwtensation ami wares of rarefaction. Such undulations are due 
to elasticity, and are produced in air and gases by any disturbance of 
density. If any elastic fluid be compressed, and again suddenly 
relieved from compression, it will expand, and in its expansion exceed 
its former volume to a certain extent; after which it will again con- 
tract, and thus oscillate alternately on either side of the position of 
repose. It is obvious that we must regard these undulations, or pulses 
of air, as extending equally in all directions in the free air, and limited 
only by the wails of the containing vessel or apartment when the air is 
confined. Therefore, the effects of the united oscillations extend equally 
in the course of radii, from the centre to every point of the surface of 
a sphere. 

331. Undulations of a sphere of air. — 'flic oscillations of air will 
not be confined to the sphere in which they eouunence. When air 
is first contracted, an aerial shell, bounding the sphere of contraction, 
expands, and becomes thereby less dense than when in equilibrium. 
Again, upon the expansion of the original sphere, the bounding shell 
contracts, and becomes more dense, in virtue of its inertia and elasticity. 
This exterior shell of air thus acts upon another, external to it; this in 
its turn on another, and so on, and thus the initial force is propagated 
upon successive concentric portions of air ; its effects becoming less 
marked with each enlargement, until, like the ripple of a wave of 
water, it becomes too evanescent to be appreciated. Compare { 058* 

U 
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This alternate condensation and expansion of an elastic fluid’, extending spheri- 
cally around the original centre of disturbance, is perfectly analogous to a series 
of circular waves formed around a point on the surface of a liquid. The conden- 
sation of the elastic fluid being analogous to the elevation of a surface wave, and 
the phase of rarefaction being analogous to the phase of depression. 

The radius of the hollow sphere, or the distance the undulation had traversed 
when the first particles resumed a position of rest, is called the length of a wave : 
the entire sphere comprised within these limits constitutes a wave, and the time 
of vibration is equal to the time in which motion is propagated through the entire 
length of a wave. If' the cause which excited the undulation continues to operate, 
the first wave will expand, and there will arise a second and third wave, Ac., 
within the first, and concentric with it. 

This radiN. propagation of undulations in air can take place with equal velo- 
city in all directions, only when the 270 

atmosphere is of uniform density, so ; 

far as the vibrations extend. If this 
is not the case, such a wave cannot 
have a spherical form. 

Let tig. 270 represent n section of a 
sphere of air, or other elastic fluid, in 
which waves of condensation and rare- 
faction have extended outwards from 
the centre C ; then the heavy lines, 
o *'f <J> h 1 and </ 1 p 7, will represent 
tho phases of greatest condensation, the 
fintr intermediate lines will represent 
tho spaces of greatest rarefaction, and 
tho distances mi w, and 1 * 0 , betwoon cir- 
cles of greatest condensation, will be 
the length of the waves. 

• Mechanical illustration. —Pro- 
fessor Snell has contrived the apparatus, represented in fig. 271, to illustrate these 
undulations. It consists of a shaft turned by the crank seen at the left, on 
which are elliptical grooves, inclined to 271 

the axis, in which tho rods carrying the 
white balls are mndo to vibrate from 
right to left and hack again. These 
grooves are so arranged that each suc- 
cessive ball moves to the left later than 
the preceding. Thus the balls are seen 
crowded together at certain parts of the 
series; and, as the crank is turned, the 
phases of greatest condensation traVcl across the field from left to right, while 
other similar waves are formed and continually succeed them. 

332. Velocity and intensity of aerial waves. — The velocity with 
which such undulations are propagated through the atmosphere, depends 
on, and varies with, the elasticity of the fluid. Waves, both large and 
sxnitll, are transmitted with an equal velocity, so long as the elasticity 
remains the same. The intensity of vibration, t. e„ the dimensions of 
tbe Bjaces wlrich the individual particles traverse while in this state of 
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movement, depends qd the energy of the disturbing force, which, it is 
also evident, is a measure of the degreo of compression of the wave. 

333. Interference of waves of air. — If two series of aerial waves 
coincide as to their points of greatest and least condensation, a now 
series of w r aves will be formed, whose greatest condensation and rare- 
faction is determined by the sum of these points, as prevailing in the 
separate undulations. But where the scries are so arranged that the 
point of greatest condensation of one coincides with the point oi 
greatest rarefaction in the other, the resulting series will have conden- 
sations and rarefactions equal to the difference between the waves which 
meet. If they are equal, total interference take?* place, as in the case 
of non-elastic fluids, and silence results, if the waves are those of sound. 

Indeed all the effects described in the case of waves formed upon the 
surface of a liquid are reproduced under analogous conditions in the 
case of undulations of aeriform bodios. It must, however, he borne in 
mind, that these aerial waves have always a spherical form. 

334. Intensity of waves of air expanding freely. — The undu- 
lations produced in air form progressively increasing spheres (330), 
the magnitude of whose surfaces are to each other as the square of their 
radii, or as the square of their distance from their respective points of 
impulse. As the intensity of the wave is diminished in proportion to 
the space over which it is diffused, it follows, tlmt the effect or energy 
of these waves diminishes as tho square of the distances from the centre 
of propagation increases. So soon, however, as the radial extension 
of the wave meets with any resistance which reflects the rays in a 
parallel or concentric direction, this rule ceases to be applicable. 


Problems. 

On the Laws of Vibrations. 

149 . If a cord of a given length makes 48 vibrations per second, what must 
be the respective lengths of similar cords tr make 83, 04, 72, 81, and 90 vibra- 
tions per second ? 

150. If a cord, 3 feet long, extended by a weight of 10 lbs., makes 00 vibra- 
tions per second, with what force must a similar cord, 2 feet long, ho extended 
that it may make 108 vibrations per second ? 

151. If an iron wire, one-tenth of an inch in diameter (8p. Or. 7*8), makes 
72 vibrations per second, what must be the dinmeter of a platinum wire of the 
same length (Sp. Or. 21*23) which will mako 45 vibrations per second ? 

152. An iron rod, vibrating by torsion, makes 30 oscillations per second; how 
much longer must a rod, having twice the diameter, be to vibrate (with the 
name force) 15 timee per second ? 
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CHAPTER VI. 

ACOUSTICS. 

{ I. Production and Propagation of Sound. 

335. Acoustics. — Sound. — Acoustics (derived from the Greek 
Yerb, dxoim, to hoar), teaches the science of sounds, their cause, nature, 
and phenomena. Sound is the impression produced on the sense of 
hearing by the vibrations of sonorous bodies. These vibrations are 
transmitted to the ear by the surrounding medium, 'which is ordinarily 
the atmospheric air. # 

Sound a sensation. — It will be understood, therefore, that all 
sound, whether unmusical, like mere noise, or musical, like what is 
technically called a tone (a sound of definite and appreciable pitch), 
is a sensation ; and the causes which produce tfiis sensation may exist 
without the sensation itself — that is, without sound. The cause of 
sound being atmospheric vibration, if there be no delicately constructed 
organ, like the ear, to receive the impression of this vibration, there is 
no sound. It would follow, that even at the Falls of Niagara, if there 
were no ear present to receive the impression, those gigantic vibra- 
tions would exist only as such — without sound. 

Key-note of nature. — The aggregate sound of nature, as heard in 
the roar of a distant city, or the waving foliage of a large forest, is said 
to be a single definite tone, of appreciable pitch. This tone is held to 
bo middle F of the pianoforte — which may therefore be considered the 
key-note of nature. 

Noise. — The distinctive character of mere noise is determined by 
the nature and duration of the irregular vibrations causing it. If these 
vibrations are short and single, the effect is that of a crack, or an abrupt 
explosion, as in the snapping of a whip, or the explosion of cannon, 
if they are continuous and prolonged, the effect is that of a rattle, or 
rumble, like the rolling of thunder, or the noise of carriages over a 
stony road. 

Musical sounds. — Sound, in a musical sense, or tone, is the sensa- 
, fcion produced by a sories of equal atmospheric vibrations. Noise is 
the sensation produced by unequal vibrations. If we throw a single 
gtont iuto the centre of a placid lake, a single wave circles off ta 
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the shore : such is the effect upon the air when a tone is produced. 
If a handful of pebbles is thrown into the lake, each separate pebble 
produces its own circle, these circlos intersect each other and become 
ooufused to the eye : such is the effect upon the air when a noise is 
produced. Pulling the string of a harp would correspond to the single 
stone thrown into the lake: striking a table or chair, where the sepa- 
rate fibres of the wood vibrate unequally, would correspond to the 
handful of pebbles. 

A church-bell, to o cultivated oar, is noisy, or musical, according as the tones 
in the vibrating metal (for every belt produces more than one distinguishable 
tone) chance to bo at musical or unmusical intervals. IT tho intervals are (mu- 
sically considered) dissonances, the bell will be discordant ; if they are con- 
cords, tbo bell will bo harmonious. Again, if in those concordant tones the 
intervals be ‘'major," the boll will be cheerful ; if they be “ minor," tho bell 
will be sad. 

336. All bodies producing sound are in vibration. — If tho 

Sonorous body is solid, and presents a large surface, as a hell jar, tho 
vibrations may he shown by suspending a small ivory 273 

ball, i t by a thread in the interior 
dined in the position seen in fig. ! 
resounds with a blow, the hall is tin 
as shown by the dotted line, and 
thrown off, and so continues bound 
of the vibrations. A touch from t 
vibratory movement in the glass: 
and the ivory hall remains quiet. 

If the sonorous body is a plane 
surface, its vibrations may be shown 
by the formation of nodal lines with 
grains of sand scattered upon it. 

When the sound is produced by a 
stretched cord, tho vibrations may 
be felt by touching the cord lightly 
with the hand, or uiuy be seen by 
placing bands or rings of paper 
upon the vibrating cord. In wind 
Instruments, it is the air which they 
musical sounds. 

This may be proved by an organ pipe, or by a glass tube, lig. 273, when a 
current of air is pn>sed into it through the foot, 0. A small membrane of gold- 
beater’s skin, extended on a circle of pasteboard, It, is placed within the tube, 
aud sustained in a horizontal position by means of a thread, (trains of sand 
strewed up *n the membrane, will be arranged in nodal figures, proving that the 
membrane *beys the vibratory movement of the air which surrounds it. That 
the vibrations are not due to an ascending current of air, is proved by tlits fact, 
that the membrvne does not. vibrate when it is placed midway of the length of 
24 * 
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the tube [a n<dal point], but above or below this point it vibrates, and moro 
strongly as it is further removed from the centre. 

337. Sound propagated by waves. — Sound is propagated -by 
waves of condensation and rarefaction (330), as shown in fig. 274. The 
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vibrations of the sounding bell are communicated to the surrounding 
medium, and by vibrations alternately forwards and backwards. Mo 
tion is communicated to an ever increasing spherical portion of the 
medium until it reaches the ear, by which the sensation of sound is 
porceived. 

338. Co-existence of sound-waves. — Many sounds may be trans- 
mitted simultaneously in different directions by the same medium with- 
out destroying each other, all the sounds penetrating and crossing in 
space without modification. In complicated symphonies, a practiced 
ear readily distinguishes the sound of each instrument. A very intense 
sound may overpower a feeble sound, as a loud noise renders the human 
voice inaudible. 

331). Sound is not propagated in a vacuum. — The vibrations of 
elastic bodies do not produce an impression on the ear, unless there 
exists between this organ and the sonorous body an uninterrupted elas- 
tic medium, vibrating with it. This medium is ordinarily the atmo- 
spheric air, hut other gases, vapors, liquids, and solids, transmit sound, 
and generally with a facility varying with their density. 

To prove that sound is not propagated in a vacuum, place under the receiver 
of an air-pump, a bell, kept in constant vibration by a clock-work movement, 
275. The bell apparat s should be placod upon wadding, otherwise the 
vibrations would be communicated to the plate of the air-pump, and thus to the 
air. While the receiver is filled with Air at the ordinary pressure, the sound 
ia distinct ; as the air is gradually exhausted, the sound grows more and 
more feeble, until finally, when a vacuum is obtained, it ceases to be 
but is immediately revived by admitting air again. 
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340. Sound is propagated in all elastic bodies.— If, in the 

experiment just described, the vacuum is supplied with hydrogeu gas 
(density 0.0692), or any gas of less density 
than atmospheric air, a sound will be trans- 
mitted from the bell, very feeble for the hy- 
drogen, and increasing as the gas is more 
dense. In like manner, a person whose lungs 
have been filled with hydrogen gas, utters 
only a shrill piping sound. 

Vapors, wator and other liquids, transmit 
sounds like gases, but with much more energy. 

When two bodies are struck under water, the 
sound is distinct to a person having his ear 
under water, or communicating with the water 
by means of some solid substance. The conduct!* 
bility of sound is so great in solids, that if we apply 
thg ear to one end of a beam of wood, the sligh t 
shock, as the scratch of a pin at the other extremity, may be heard distinctly* 
The noise of cannon has been heard a distance of more than two hundred and 
fifty miles, by applying the oar to the solid earth. In several mines in Corn- 
wall, England, there are galleries which extend under the sea, where the sound 
of the waves is clearly heard when the sea is agitated, rolling the pebbles and 
boulders over the rocky bottom of the ocean. 

The music from a company of musicians, playing in orchestra upon numerous 
instruments, has been transferred to an apartment in another house, hy a cord 
stretched across the intervening street, connecting at one end with a sounding- 
board, and at the other extremity with a wooden box. On placing the ear at an 
opening in the box, the wliolo musical movement was heard, reproduced in 
miniature, being transmitted by the vibrations through the cord. A bystandor 
in the same apartment was unconscious of there being any performance. 

341. Hearing is a sense depending upon the ear, a beautifully con- 
structed instrument, designed to gather in the vibrations of tho sur- 
rounding air. This vibratory movement is communicated to the acoustic 
nerve by the aid of organs which will be described in detail at the close 
of this chapter. 

342. Time is required for the transmission of sound. — Expe- 
rience testifies to the truth of this statement. We hear the blows of a 
hammer at a distance a very sensible interval of time after we see them 
struck. An appreciable time elapses after we see the flush of u cannon, 
at a little distance from us, before we hear the explosion. The report 
of the meteor of 1783 was heard at Windsor Castle ten minutes after 
its disappearance. 

343. The velocity of all sounds is the same.* — The velocity of 
sound is the space that it traverses in a second. Theory demonstrates 
that the velocity of the vibrations of sonorous bodies in the same me 

* See note in Appendix, p. flfiS 



25ft 


THE THREE STATES OF MATTER. 


dium, is the same for all sounds, grave or sharp, strong or feeble, and 
whatever may be their pitch. Observation confirms this result, at least 
for those distances at which experiments have been made. There is no 
confusion in the effects of music, at whatever distance it may be heard. 

Jf the different notes simultaneously produced by the various instruments of 
an orchestra, moved with different velocities, they would be heard by a distant 
auditor at different moments, so that a musical performance, except to those in 
its immediate vicinity, would produce only discords. M. Biot, in playing an 
air upon a ilute at the extremity of a pipe of the aqueduct of Paris, found that 
the sounds came to the other end, having exactly the same interval, demon* 
strating that the different sounds travelled with the same velocity. 

344. Velocity of sound in air. — Numerous experiments have been 
made for estimating 'the velocity of sound; that is, the space that it 
travels over in a second. The most extensive and accurate system of 
experiments were those made in 1822, by the Board of Longitude of 
France, conducted by Messrs. Prony, Arago, Humboldt, Gay Lussac, 
and others. 

Two pieces of cannon woro used, one placed at Montlh^ry, the other at Mont- 
martre, between which the distance is 18,612 in. (— 61,063*8 feet), or more than 
ten miles. The discharges were reciprocal, so as to avoid the influence of the 
wind. At each station woro numerous observers, furnished with chronometers, 
who noticed the time between the appearance of the light, and the arrival of the 
sound. This timo may be called that which the sound requires to pass from one 
station to another, for the time occupied by the passage of the light between 
the two points is wholly inappreciable. The mean time required to transmit the 
sound was 64*6 seconds. By dividing the distance between the two stations by 
this number, the velocity, per second, is obtained. The velocity of sound at 
61° F. (16° C.), that being the temperature of the atmosphere during the ex- 
periment,, is 1118*3 feet (340*88 m.), (for 61, 0C3-8 54*6 = 1 118*3 +) ; or at 

the temperature of 32° F. it would be about 1086*1 foot. 

Messrs. Bravais and Martin, in 1844, have determined that the velo- 
city of sound between the summit and base of the Faulhorn (a lofty 
mountain in the Swiss Alps) is the Rame, whether ascending or descend* 
ing, and that it is 109047 feet per second at 32° F. 

It has been determined, 1. That the velocity of sound decreases with 
the temperature; at 50° F. (10° C.), it is 1106*091 feet (337 m.) So 
that as the temperature is lowered, sound diminishes in velocity about 
one foot and a tenth for every degree. 2. That at the same tempera- 
ture the velocity of sound is not materially affected, whether the sky is 
bright or ebudy, the air clear or foggy, the barometric pressure great 
or small, provided the air is tranquil. All of these circumstances, 
however, exert a great influence on the intensity of the sound as it 
reaches the ear from a given distance. Fogs, snow, Ac., prevent the 
free propagation of sound, hut do not materially affect its velocity, 3. 
That its velocity varies with the velocity and directi 'n of the wind. 
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345. Velocity of iound in different gases and vapors.— TLe 

velocity of sound in the different gases, is in the inverse ratio of the 
square root of their densities. 

Duloog has determined by calculation the velocity of sound in the following 
gases, at the temperature of 32° F. Carbonic acid 800 feet (262 ni.), ox/gon 
1040 feet (317 ro.), olefiant gas. 1030-2 feet (314 in.), air. 1002 64 feet (333*tn.), 
carbonic oxyd, 1106 6 feet (337 in.), and hydrogen, 4163 feet (1260 m.), each 
ia a second. The theoretical velocity of sound in vapor of alcohol at 140° is 
§62 feet, in vapor of water at 164° ia 1347 feet. The observed velocities arc 
generally not very far from those given by calculation. 

346. Calculation of distances by sound. — The known velocity 
of sound per second (1118 feet), enables us to obtain a close approxi- 
mation of the distance of the Honorous body. This fid lows as a conse- 
quence of the very experiments (344) by which the velocity of sound 
was determined. From the known laws of falling bodies (71), we may 
also, with the aid of the known velocity of sound, obtain an approxi- 
mate estimate of the height of a precipice, or the depth o^nn abyss, 
from the time occupied by the sound of any projectile, let fall from the 
hand, in reaching the ear. 

347. Velocity of sounds in liquids. — Sound is conveyed through 
liquids as well as through gases. The velocity of sounds in liquids 
is much greater than in uir. In 1827, Messrs. Collation tuul Sturm* 
experimenting upon the velocity of sound in the Lake of Geneva, found 
it to he 4708 feet (1435 m.) per second, or about four and a half times 
greater than in air, at the temperature of 4(W>° F. 

Agitation of tlio water, liquids, Ac., did not affect either the rapidity or 
intensity of the sound. But the interposition of solid bodies, such as walls, or 
buildings, between the sounding body and the observer, almost destroyed tlio 
transmission of sound in water; an effect which does not take place nearly to 
the same degree in air (360). 

348. Velocity of sounds in* solids. — Sound is transmitted by 
solid bodies with much greater rapidity than by air, but by no means 
with equal velocity, varying much with the elasticity and density of the 
different solids, as well as their homogeneity and uniformity of structure. 

Want of homogeneity in any medium interferes with the propagation of sonor- 
ous vibrations. Let a tall glass he half filled with champagne wine: as long 
as there is effervescence, ami the wine contains air bubbles, a stroke on the glass 
gives otly a dead disagreeable sound; as the effervescence subsides the tone 
becomes clearer, and when the liquid is tranquil the glass rings ns usual. The 
dullness of sound alluded to is owing to the fact that the wine which forms part 
of the vibrating system lacks homogeneity, and therefore is incapable of regular 
vibration. 

The most exact experiments have been made by M. Biot, with a series of water- 
pipes in Paris, which had a length of 3120 feet *(961 m.). A bell was hung at 
(be oentre of a ring of iron, fastened to the mouth of the tube, ao that the 
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vibrations of the ring would affect only the metal of the tube, and the vibratioos 
of the bell only the included air. When the ring and bell were struck simulta- 
neously, an observer, placed at the other cud, heard two sounds; the first 
transmitted by the inetal, the second by the air. By noticing the interval of 
time between the arrival of the two sounds, it was ascertained that the velocity 
of propagation of sound in cast iron is about 10*4 times that observed in air; 
that is, 11,600 feet ( .‘io.'IH-o m.). Similar experiments were made by Hassenfrats 
on the velocity of sound in stone, on the walls of the galleries of the catacombs 
which underlie Paris, by observing the interval of time between the arrival :f a 
sound transmitted by the stones and of that transmitted by tho air of the gallery. 

Were the earth and sun connected by an iron bar, nearly three years would 
elapse before the sound of a blow applied at the sun could reach the earth. 

The velocity of the propagation of sound has been determined theoretically 
by Suvart, Chladni, Masson, and Wertheim, from the number of longitudi- 
nal and transverse vibrations of the bodies, or their coefficient of elasticity. 
Chladni found, by the aid of longitudinal vibrations, that in wood, the velocity 
of sound is from ten to sixteen times greater than in air. In metals, the velo- 
city is more variable, being from four to sixteen times as great as in air. 

349. Interference of sound. — When two .series of sonorous undu- 
lations encounter each other in opposite phases of vibration, the 
phenomena of interference are produced. The undulations will become 
mutually cheeked, and if the two sounds are of equal intensity, instead 
of producing n louder sound, as might he expected, they will altogether 
destroy each other and produce silence. If, however, one of the souuds 
ceases, the other is heard immediately. 

If t wo sounding bodies wore placed in the foci of an ellipse, fig. 260, no sound 
would be heard, if an ear was placed on any of the lines of interference indi- 
cated by the dotted lines, but if one sound was stilled, the other would be heard, 
or if the ear was placed between the lines of interference, then both sounds 
would be heard simultaneously, and would be louder than either alone. 

The interference of sounds may be shown by means of a common 
tuning-fork. 27 6 

When in vibration, its branches recede from, and ap- 
proach each other, as shown by the dotted lines in fig. 

276. If the instrument, when vibrating, is pluced about 
a foot from the ear, with the branches equidistant, both 
•oumls will bo beard ; for the waves of sound combine 
their effects; but as it is slowly turned around, the sound 
will grow more and more feeble, until at length a posi- 
tion will l>c found in which it will be inaudible. For, as 
the tuning-fork is turned, the waves of sound interfere, and 
produce partial or total silence. This may also he illustrated 
by attaching a tuning-fork, lengthwise, to any rotating sup- 
port. 'When the fork is vibrating, no sound will be heard so 
long as it continues to rotate. 

350. Acoustic shadow. — Persons cutoff fr m ob- 
servation by a wall, or other obstacle, still hear sounds 
distinctly, although with a diminished volume. Thus a band of musia 
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in an adjacent house, or neighboring street, is *eadily followed in the 
softest melody. Intervening obstacles, therefore, however opaquo to 
light, do not cast perfect shadows to sound. The sound is not entirely 
cut off, because the obstacle is elastic, and propugates the vibrations it 
receives in a manner analogous to light passing through a translucent 
medium. 

To a distant observer, the roar of a railway train is instantly hushed on 
entering a tunnel, and as suddonly reuewed on its emergence. 

Acoustic shadows are much more distinctly recognised when large 
masses, as edifices or rocks, intervene ; so large as not to enter into 
vibration. 

Although there is not complete silence in the acoustic shadow, still it 
is analogous to the shadow of light, for there is never complete obscurity 
in the latter case, even when we take the utmost precaution, for the 
light spreads behind the obstacles which arrest it. 

351. Distance to which sound may be propagated. — The dis- 
tance at which sounds are audible docs not admit of precise measure- 
ment. In general, it may he stated, that a sound will he heard further, 
the greater its original intensity, and the denser the medium in which 
it is propagated, it also depends, greatly, on the delicacy of hearing 
of different individuals. The intensity of sound, like that of all forces 
acting in lines, diminishes in the inverse ratio of the squares of the 
distance of the sounding body. Thus, if the linear dimensions of a 
theatre be doubled, the volume of the performers' voices at any part of 
the circumference will be diminished in a fourfold proportion. 

That this difference of the agitating impression is the true cause, is shown by 
confining the air on all sides in a tube. Hint experimented with 28(10 feet of the 
water-pipes of Paris. Al this distance the lowest whisper made at one end was 
accurately heard at the other extremity of the tube. 

A powerful human voice in the open air, ut the ordinary temperature, is 
audible at the distance of seven hundred feet. In a frosty air, undisturbed by 
winds or current, sound is heard at a much greutcr distance with surprising 
distinctness. Lieut. Forster, in the third polar expedition of Capt. Parry, held 
a conversation with a man across the harbor of Port Itowen, a distance of otio 
and a quarter miles. Dr. Young states, on the authority of Durham, that the 
watchword 44 all’s well” has been distinctly heard from Old to New Oihrultur, a 
distance of ten miles. The marching of a company of soldiers may he heard, 
on a still night, at from five hundred ami eighty to eight hundred and thirty 
paces; a squadron of cavalry ut foot pace, at seven hundred and fifty paces; 
trotting, or galloping, one thousand and eighty paces distant. When the air is 
calm and dry, the report of a musket is audible at eight thousand paces. The 
sound of the cannonading at Waterloo was heard at Dover. 

Sounds travel further on the earth’s surface than through the atmosphere. Thus 
It Is said, that at the siege of Antwerp in 1832, the cannonading was hoard in the 
mines of Sax 4 ny, which are about three hundred and seventy miles distant The 
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eannonading at the battle of Jena was heard feebly in the open fields i car Dres 
den, 92 miles distant, but in the casemates of the fortifications it was heard with 
great distinctness. The noise of a sea fight between the English and the Dutch 
in 1672, was heard at Shrewsbury, a distance of two hundred miles. Sound 
has been carried by the atmosphere to the distance of three hundred and forty* 
five miles, as it is assertud, that the very violent explosions of the volcano at 
St. Vincent’s have been heard at Demarara. 

Sir Stamford Raffles records however a similar, though much more extraor- 
A.nary fact. The eruption in Tom hers, in Suinbawa, was perhaps the most 
violent volcanic action recorded ; occasional paroxysms were heard, he says, 
more than nine hundred miles distant. 

352. Reflection of sound. — When the waves of air on which sound 
is being borne impinge, in the course of their expansion, on a solid 
surface, they will bn reflected from it, agreeably to the laws regulating 
the impact of solid bodies (112). Their return is made with equal velo- 
city, and under an equal but opposite angle to that under which they 
advanced. 

Lot a spherical wove whose centre is at 8, fig. 277, encounter obliquely a 
plane surface, a (), separating two media of different density, a portion of the 
sound will ho reflected as though it emanated from 277 

the point S', as fur behind O as S is in front of it, 
and while tin would have been the surface of tho 
wave if tho reflecting medium hud not intervened, 
a n’ will he the wave surface of the reflected sound. 

Take any portion of the incident wave, ns b mi, let 
bpxL-ma, when the surface of the incident wave 
roaches a , a wave starting from a new centre of vi- 
bration, h, will have extended to the circumference 
described upon bp ; similarly a new vibration start- 
ing from r, will describe the circle of which <•»/ is 
tho radius, in the same manner, vibrations start- 
ing from every point of the line « 0, will rnuke up 
tho compound wave surface a a', whose centre is at 
S', and which is tungent to all the wave surfaces, 
whose radii are c bp, Ac. 

353. Echo. — An echo is the repetition of a 
found reflected by a sufficiently distant object, 
bo that the reflected is not confounded with 
the direct sound. 

The ear cannot distinguish one sound from ano- 
ther, unless there is an interval of one-ninth of a 
•econd between the arrival of the two sounds. Sounds must, therefore, succeed 
each other at an interval of onc-ninth of a socond, in order to be heard dis- 
tinctly. Now the velocity of sound being eleven hundred and eighteen feet a 
■eeot'd, in one-ninth of a second the sound would travel one hundred and twenty- 
four feet. 

To have a perfect echo, therefore, the reflecting surface must, be at 
least six ty-two feet from the sounding body. (62X2 = 124.) If we 
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apeak a sentence at the distance of sixty-two feet from the reflecting 
surface, we shall hear the echo of tin* last syllable only. If twice, 
thrice, or four times the distance, two, three, or four of the syllables 
will be echoed, the direct sounds and reflected sound of the other syl- 
lables of the sentence, being confounded with each other. If the re- 
flecting surface is at a less distance from the sounding body than sixty- 
two feet, the direct sound and the seflected sound become confused, s r 
*bat words and tones cannot he ‘heard distinctly. The original sound 
will then be prolonged and strengthened ; an effect which we express 
by saying there is resonance. If the distance is comparatively small, 
as in a coimnon-sized room, the sounds reflected from the walls, the 
ceiling and the floor, reach the ear at almost exactly the same time ns 
the direct sound, and the apparent power of the voice is strengthened, 
besides preserving its delicncy. Where, however, the apartment is 
larger, the direct sound only partially coincides with the reflected 
sound, and more or less confusion arises. Voices are heard in a re- 
markably sonorous manner, in large apartments with bard walls, while 
draperies, hangings, carpets, Ac., about a room, smother the sound, 
“because these arc bad reflectors. A crowded audience has a similar 
effect, and increases the difficulty of speaking, by presenting surfaces 
unfavorable to reflection. 

3f>4. Repeated echoes. — Repeated or multiplied echoes, are those 
which repeat the same sound many times. This happens when two 
obstacles are placed opposite to one another, as parallel walls, for 
example, which reflect the sound successively. 

A striking and beautiful effect of echo is produced, in certain locali- 
ties, by the Swiss mountaineers, who contrive to sing their Ham des 
Vaches in such time, that the reflected notes form an agreeable accom 
panitnent to the air itself. 

There is a surprising echo between two barns at Belvidere, Allegheny county, 
N. Y. It repeats eleven times, a word of either one, two, or three syllables; 
and has been heard to repeal it thirteen times, By placing oneself in the centre, 
between the two burns, a double echo is heard, one in the direction of caeh barn, 
and a monosyllable is thus repeated twenty-two times. 

At Adotnach, in Bohemia, there is an echo which repeats seven syllables 
three times; at Woodstock, iu England, there is one which repeats a sound 
seventeen times during the duy, and twenty times during the night. An echo in 
the Villa Smionetto, near Milan, is said to repeat a sharp sound thirty times 
audibly. 

Tbe most celebrated echo among the ancients, was that of tbe Metelli at Homs, 
shich, according to traditiou, was capable of repeating tbe first line of tbs 
^JSoeid containing fifteen syllables, eight times distinctly. 

355. Change of tone by echo. — Dr. Chan. 0. Page describes an echo tb 

t airfax county, Virginia, which gives three distinct reflections, tbe second echo 
such tbe most distinct Twenty notes played upon a flute, are returned with 
ct clearness. But tbe most singular property of this echo is, that some 
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notes in the scale are not returned in their places, but are supplied with other 
notes, which are either thirds, fifths, or octaves. 

35C. Whispering galleries. — Whispering galleries are so called, 
because a low whisper, uttered at one point iu them, may be heard 
distinctly at another and distant point, while it is inaudible in other 
positions. 

Such galleries are always domed, op of ellipsoidal shape; the best form is 
that of the ellipsoid of revolution. In sueh a chamber, whispering in one focu*^ 
is very audible to a person at the other focus, because the undulations striking 
upon the walls, are reflected to the point where the hearer is placed, while in 
any other position, a feeble sound, or none at all, will be heard, because only a 
part of the reflected sound will reach the ear at one time. (Seo fig. 266.) 

One of the halls of the museum of antiquities, of the Louvre, at Paris, fur* 
nishes an example of such an apartment. Iu the dome of the Rotunda of the 
Capitol at Washington, is a fine whispering gallery. The principal room of the 
Merchants’ Exchange, in New York, is of a similar character, and al the sumo 
time affords a painful example of confused echoes. 

The new Hullr of Congress, at Washington, and the Lecture room at the 
Smithsonian Institution, have been designed with special reference to the best 
form for public speaking, and to this end an elaborate scries of experiments und 
observations, upon the best proportions and forms of public halls, have been 
undertaken by Profs. Henry and Ruche, by order of the government, the results 
of which nre recorded by the former, in the Proceedings of the American Asso- 
ciation for 1866, p. lit), and Smithsonian Report for 1S56, p. 221. 

357. Refraction of sound. — Although sound is reflected by aiwy 
surface of different density from that in which 278 

it originates, the pound also enters the second 
medium by means of new vibrations origi- 
nating at the interposed surface. 

W© have noon (345, 347) that the velocity of 
sound is not the same iu different media. Let a 
aouml-wave originating at S, fig. 278, meet with 
another medium in which sound moves slower than 
in the first, and let a 0 be the surface of the second 
medium. Let the difference of velocity he such 
that while the new vibration, originating at 6, 
would advance to p' t if the medium were like the 
first, it can move only to t iu the new medium : 
it is evident that if an be the wave surface with 
the velocity unchanged, a N will he the wave sur- 
face with tho retarded velocity, and the ray S b 
will enter the soeond medium iu the direction b K, 
more nearly perpendicular to the surface a 0, than 
Its direction iu the first medium. 

For a fuller discussion of the laws of refrac- 
tion, see the chapter on Optics. 

The phenomena of refraction of sound are in 
aeeordauce with theory. Tho researches of Pois- 
wm and Green hare placed this beyond doubt. Sondhauss has demonstra* 
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the same thin};: by the following experiment : A wh. j m h, fig. 271>, was formed 
of two film* of oolloili .n, united at the edges by a rim of iron. The two films, 
m ami n, were made spherically convex, and when inflated, the instrument took 
the form of n lens, like 27.* 

those employed in opti- 
cal experiments. This 
apparatus was filled with 
carbonic acid* pas, by 
tneaus of an opening at 
a. He placed a watch at 
S, in the axis of the lens 
that is in the line Sr 
which passes through 
the centres of the two 
surfaces m and u When 
an observer placed his 
car on the opposite side in the axis of the lens, tho ticking of the watch was 
distinctly heard, if at iv proper distance from the lens : this distance was 
less in proportion as the watch was farther removed. If the lens was raised 
ip, the sound ceased to he heard; and the result was t,he same if the car 
was removed from the axis Sr. Having replaced the watch by an organ pipe, 
having an opening like a llute, instead of the ear he employed the hen I tube 
/c, having gold beater’s skin extended over the opening r, ami fine suml placed 
Upon it. When Ibis apparatus occupied the positions in which the ear heard 
the sound of the watch, the sand was agitated ; hut on removing the lens the 
land remained at rest. 

To comprehend how these experiments demonstrate the refraction of sound, 
wo must refer to tin* principles of optics, in which multiplied experiments huvu 
rendered the explanation very complete, ami easy to be understood. 

358. The speaking-trumpet is an instrument employed to convoy 
the voice to u great distance. This instrument consists of a con ion l 
tube 0 i\ tig. 280, terminated by a bell-shaped extremity, R At 0 
is a mouth-piece which surrounds the lips without interfering with 
thoir movements. The trumpet, it is said by history, was used by 

180 



Alexander the Great for commanding his army. At the present day 
it is employed at sea to cause t he voice of the commander to be heard 
above the roar of the winds and waves. On land it is used by firemen. 

To explain the augmentation of Houud by the trumpet, it was formerly sup- 
posed that the sound was reflected by the sides of the trumpet, so that the vibra- 
tions issued in the direction of tho axis of the instrument, and that this offset 
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was also aided by the vibration of the walls of the instrument itself. It was 
shown by Lambert in 1763 that the vibration of the instrument tended to render 
articulate sounds confused. 

The explanation by reflection of the rays of sound is inadmissible. In reality 
the form of the extremity has considerable influence, but on the theory of reflec- 
tion H should be without effect. On the contrary, the conical form should be all 
important, but Hossenfratz has shown that a cylindrical tube, with a bell-shaped 
extremity, strengthens the sound as much as a conical tube. In fact, when the 
interior of the trumpet is lined with cloth, so that the reflection must be very 
feeble or almost null, the intensity of the sound transmitted remains unchanged. 
We may add that the sound transmitted through a speaking-trumpet is increased, 
not merely in tho direction to which it is pointed, but in every direction, whether 
the extremity is bell-shaped or otherwise. The efficacy of the trumpet is, there- 
fore, not due to the reflection of sound from its walls, but simply, as stated by 
llassenfratx, to the greater intensity of the pulsations produced in the column 
of confined air which vibrates in unison with the voice at tho mouth-piece. A 
considerable effect is produced by the bell-shaped extremity of the trumpet, but 
the nature of this influence has not been satisfactorily explained. 

359. Ear-trumpet. — The hearing-trumpet, fig. 281, intended to 
assist persons hard of hearing, is in form and application the reverse 
of the Hpeaking-trurnpet, although in principle the same. It consists 
)f a conical tube, turned in any 281 

convenient direction, so that the 
oponing, o, may enter the ear. 

The strengthening of the sound 
by this instrument was formerly 
attributed to reflection of sonorous waves caused to converge to the 
ear, and it was sought to obtain the form most favorable to fulfill this 
condition ; thus tho cone wus replaced by a paraboloid, having its 
focus at the point o. But these different forms have no effect upon the 
result. Moreover, the nature of the walls, and the condition of the 
interior surface, whether rough or polished, or lined with cloth, has no 
effect upon the intensity of the sound. The only essential condition is 
that the exterior opening should be greater than that which enters the 
ear. The effect of the ear-trumpet is explained as follows: — The por- 
tions of compressed or dilated air, which arrive at the exterior opening, 
transmit their compression or dilatation to portions of air smaller and 
smaller, and consequently transmit it with increasing intensity. In 
this manner the portion of air at o receives and transmits to the mem- 
brane of the tympanum a compression or dilatation of much greater 
intensity than in the absence of the instrument. Holding the hanJ 
ooncave behind the ear, as deaf persons are seen to do, concentrates 
sound in the manner of an ear-trumpet. The form of the external ear 
in animals favors the collection of sound. 

300. The siren. — This ingenious instrument was invented by M 
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Cagniard de Lfttour, for the purpose of ascertaining the number of 
vibrations of a sonorous body, corresponding to any proposed musical 
sound. 


*ig. 282 shows the siren mounted on a wind chest, E, designed to supply a 
current of air. Figs. 283, 284, show the intern, iotails of the apparatus. Tha 


282 


283 


284 



siren is constructed entirely of htmii. It consists of n tube, 0, about, four inches 
in diameter, terminating in a smooth circular plate, B, fig. 284, which contains, 
at regular intervals near its circumference, small holes, which are pierced through 
the plate in an oblique direction. Another plate, A, turning very cusily upon 
its axis, is placed as near as possible to B, without being in contact with it. This 
plate is pierced with the same number of oblique orifices as those in the plate, 
B, but inclined in an opposite direction, as shown m fig. 283, n, A ; »»«, It. 

When a current of air arrives from the bellows, it pusses through the h les 
of the first plate, and imparts a rotary movement to the second plate, in ‘ho 
direction «, A, fig. 283. As the upper plate revolves, the current of air is alter- 
nately cut off, and renewed rapidly by the constantly charging position of the 
holes. In consequence of this interruption, when the plate A moves with a 
uniform velocity, a series of puffs of wind will escape at equal intervals of time. 
These puffs will produce undulations in the air surrounding the instrument, and 
when the wheel revolves with sufficient rapidity, a musical sound is produced, 
which increases in acuteness as the velocity of the wheel becomes greater. 

A counter (like that on a gas meter) is connected with the upper plate, by 
which the number of revolutions is indicated. Pressure upon the buttons, C D, 
fig 284, causes the toothed wheels to be set in communication with the endless 
screw upon the spindle, T. The. revolution of these wheels is recorded by tho 
motion of the hands upon the dials in fig. 282. To determine the number of 
vibrations corresponding to a given sound, a blast of wind is forced from the 
bellows into the siren, until it gives a corresponding note. The hands on the 
dials being brought to their respective zeros at the commencement of the 
experiment, their position, at the end of any known interval, will indicate the 
26 * 
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Bumbo.* if puffs of air which have escaped from the revolving plate, and wilt, 
consequently, determine the number of undulations of the air which correspond 
to the sound produced. 

The siren, with equal velocity, gives the same sound, excepting the timbre, in 
the different gases, and in water, as it does in air, which proves, that the height 
of any sound depends on the number of vibrations, and not on the nature of 
the sonorous body. 

3G1. Savart’s toothed wheel. — Savart has employed another 
apparatus to count the number of vibrations corresponding to any 
proposed pitch. 

It consists, fig. 285, of a toothed wheel, D, to be revolved as regularly as pos* 
•ible, by means of the wheel K, and endless band r. The toothed wheel, P 

285 



revolving rapidly, makes the tongue. C, vibrate, producing in the air corre- 
sponding undulations, the effect of which is a musical sound. As the tongue is 
struck on the passage of each tooth, the number of vibrations in a second will 
correspond with the number of teeth which have struck the tongue in the same 
time. This is learned from the dial plate, 0, which indicates the number of 
revolutions of tho axis, and multiplying this by the number of teeth, we have 
the whole number of vibrations in a given time. Upon revolving tho wheel 
•lowly, we nmy hear the successive shocks of the teeth against the tongue, and 
as we increase tho velocity, we obtain a more and more elevated sound. 

362. Music halls. — Music halls, theatres, &c., should be bo con- 
structed as to convey the Rounds that are uttered, throughout the space 
occupied by the audience, unimpaired by any echo or conflicting Bound. 
On theoretical grounds, the best form for the walls would be that of a 
parabola. Ornaments, pillars, alcoves, vaulted ceilings, all needless 
hollow and pi ejecting spaces, break up and destroy the echoes, and 
resonances. The height of a room for public speaking should be not 
more than from thirty to thirty-five feet ; for at this point, called the 
limit of perceptibility, the reflection and the voice will blend together 
irell, and thus strengthen the voice of the speaker ; if it is higher than 
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tbit, the direct sound end the echo will begin to be hear 1 separately, 
and produce indistinctness. 


j 2. Physical Theory of Music. 

363. Qualities of musical sounds. — Musical sound is the result 
of equal atmospheric vibrations, conveying to the ear tones of definite 
and appreciable pitch. The ear distinguishes three particular qualiti^ 
in sound. 1. The tone or pitch , in virtue of which sounds are high or 
low. 2. The intensity , in virtue of which they are loud or soft; and 
3d, quality or timbre , in virtue of which sounds of the same intensity 
and pitch are relatively distinguishable. 

1. Tone or pitch. — The tone or pitch of a musical sound is high or 
low. It depends on the rapidity of the vibratory movement. The more 
rapid the vibrations are, the more acute will be the sound. 

2. Intensity or loudness. — The intensity, or force of sound, de 
pends on the amplitude of the oscillations ; that is, upon the degree of 
condensation produced at the middle of the sonorous wave. 

A sound may maintain the same pitch, and yet possess greater or 
less intensity, according as the amplitude of the oscillations varies. 


Thus, if wo vibrato a tonne cord, the intensity or loudness of the tone will 
▼ary, as the distance which the vibrating parts pass cn each side of the line of 
rest. 


3. Quality. — Quality is that peculiarity in sound which allows us to 
distinguish, perfectly, between sounds of the same pitch, and the same 
intensity. 

Thus, the sounds produced by the flute and clarionet are at once distinguish- 
able. The quality of the sound of instruments appears to depend not only 
on the nature of the sonorous body, and the surrounding bodies set in vibration 
by it, hut also on the form and material of the instrument; and probably, also, 
>n the form of the curvo of vibration. 

364. Unison. — Sounds produced by the same number of vibrations 
per second, are said to be in unison. 

Thus, the siren (360) and Savart’s wheel (361) are in unison when we cause 
them to make the same number of vibrations in the same time. 

365 Melody. — Harmony. — When the vibrations of a progressive 
series of single musical sounds hear to each other such simple relations 
as are readily perceived by the ear, an agreeable impression is pro- 
duced called melody. When two or more sounds, having to each other 
such pimple relations, are produced simultaneously, it is called a chord , 
and a succession of chords, succeeding each other in melodious order, 
constitutes harmony. 

If ra take a series of sounds, the ratios of whose vibrations are os 
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the following numbers — 1 : 2 : 3 : 4 : 5 : 6 : 7 : 8 : 9 : 10 — we jave the 
notes which will produce a series of chords, whi**h, commencing with 
the most simple, will gradually become more and more complicated, 
until the ear can no longer perceive their relations ; when this point is 
reached, they will cease to produce chords and harmony. 

In sounds whose vibrations bear to each other the relations of 
^2:4:8: 16, every vibration expressed by the lower numbers cor 
responds with similar vibrations in the higher series. The interval 
between such sounds is very great, and is called an octave, becauso 
oth or sounds having simple relations may be so placed between 1 and 2, 
or 4 and 8, as to form with the two extremes a series of eight sounds 
having agreeable relations to each other. 


Fig. 286 represents the relations 
of such tones as produce the most 
pleasing effects when sounded to- 
gether. The dots represent vibra- 
tions ; and those which occur simul- 
taneously, and therefore increase 
each others' powers, are connected 
by vertical linos. On the left of the 
figure are the names applied to these 
intervals, as explained in section 
871. 

366. Musical scale. — Ga- 
mut. — The tones forming a me- 
lodious series between any two 
adjacent sounds which are ns 
one to two, are called the musical 
tcale or gamut. 


286 


Octave 
2 : 1 


Fifth 
3 : 2 




It is generally supposod that the 
musical scale was invented by Guido 
of Aressio, or according to others Minor 
that it was an improvement upon Third 
the Grecian scale, and called the ® : $ 
gamut from the Greek letter gamma, 
os an acknowledgment of the assistance he derived from that nation. 



The sounds which compose the musical scale or gamut, are the 
alphabet of music. They are designated, in English, by the letters C, 
D, E, F, G A, B. In French and Italian, by the words ut, or do, re, 
mi, fa, sol. la, si. 

We may also represent the notes of the gamut in numbers. In order 
to find the relation which exists between the fundamental note, C t or 
do, and the other notes, the sonometer, or monochord, fig. 287, is em* 
ployed 
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367. The sonometer or monoohord. — This instrument is used to 
study the transverse vibrations of cords; and by it we ft«e»rtain the 
relation between the different notes of the musical scale, ni?i, with the 
aid of the siren (360), the number of vibrations by which they are 
respectively produced. 

Above a case of thin wood, a cord, or metallic wire, A I), is stretched over 
pulley n, by tho weights P, on the pan in, fig. 287. The movable bridge, 11, can 



be placed at any desired point; ami for convenience of adjustment, 'tho scale is 
marked off beneath tho wire, commencing with C. Tho string, A I>, when 
vibrating its whole length, produces the note V ; in order to produce the note D, 
the movable bridge, II, must be advanced toward the fixed bridge 1), until the 
length of the cord is but eight-ninths of that which produce.- the note U. Pro- 
ceeding in tho same manner for the other notes, it will he found, that the length 
of the cord corresponding to each note is represented by the following fractions: 

Notes C D E F « A 11 O' 

Relative length of cord, . . 1 } | } j jj { 

Continuing to move the bridge on the sonometer, it will be found, that the 

eighth sound, the octave, is produced by a length of cord half that of the lunda- 
inuntul sound. Upon this note, an octave higher than the fundamental note, we 
may construct a scale, each note of which is produced by the vibration of a cord 
half as long as tho same note in the preceding gamut. In the same tuvr.nor we 
may have also a third and a fourth scale. 


368. Relative number of vibrations corresponding to each 
note. — In order to ascertain the relative number of vibrations corres- 
ponding to each note in the same time, it is sufficient to invert the 
fractions of the preceding table. For by the principles already esta- 
blished (309), the number of vibrations is in inverse ratio of the length 
of the string. Representing, therefore, the number of vibrations cor- 
responding to the fundamental note C, by 1, proceeding as above, we 
form the following table : 

Notes C D E F G A B 0' 

Relative number of vibrations, l|f$lf¥2 
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Which indicates, that in producing the note D, nine vibrations are made 
in the same time that eight are made by the fundamental note C. &J, 
when the note E i« sounded, five vibrations are made for four of C ; for 
B, fifteen to eight of C, &c. 

369. Absolute number of vibrations corresponding to each 
note. — By setting the siren, or Savart’s wheel, in unison with a given 
sound, w'o obtain the absolute number of vibrations corresponding to 
it. If \re set the siren in unison with the fundamental C, in order to 
obtain the number of vibrations corresponding to the other notes, as D, 
we have but to multiply it by the fraction &c. But the fundamental 
C varios with the nature, length, and tension of the cord of the sono- 
meter, and therefore the number of vibrations may be represented by 
an infinite variety of numbers, corresponding to the different scales. 
The notes of the scale whose gamut corresponds to the gravest sound of 
the bass, are indicated by 1. To notes of gamuts more elevated, are affixed 
the indices 2, 3, &c. ; to graver notes are affixed the indices — 1, — 2, 
&c. The number of simple vibrations corresponding to the note C, is 
128, and in order to obtain the number of vibrations corresponding to 
the other notes, we have but to multiply this number by the fractions 
indicated in (308), which gives the following table: 

Notes, . . . . C D E F G A B 

Absolute number of simple 

vibrations, . . .128 144 100 170| 192 213$ 240 

The absolute number of vibrations for the superior gamut, is obtained 
by multiplying the numbers in the table successively, by 2, by 3, by 4, 
&c. ; for the lower gamut, we divide the same numbers by 2, by 4, &c. 
Thus, the number of vibrations of A3 is 214 X 4 -=- 850 simple vibra- 
tions, or 428 complete vibrations.* 

It must,, however, be stated, that there is a slight difference in the actual 
number of vibrations producing a particular note as performed in different cities. 
Thus, All of the pitch adopted at different orchestras, which by the above table 


should be produced by 420$ vibrations, varies os follows : 

Orchestra of Berlin Opera, 4JT 32 

Opera Comiqne, Paris, ....... 427*61 

Academic dc la Musiquc, Paris, ..... 431*34 

Italian Opera, in 1855, ....... 440 


In piano fortes, which, for private purposes, are generally tuned below conoert 
pitch, A3 is produced by about 420 vibrations in a second. 

There bus been a curious progressive elevation of the diapason (pitch) of 
orchestras, since the timo of Louis XIV., when the fa in the orchestra was 
(according to Souveur) 810 simple vibrations (= 405 complete vibrations) pet 
•eeond ; the number at the grand opera is now 898, or nearly a tone higher. 
This riso has taken place mainly in the present century — being a semitone sinco 
1823. The causes of this change ^ which is still in progress) are doubtless owing 


* Boo Appendix, p. 661. 
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i tbe process adopied for preserving and transmitting the true pitch of the 
fundamental note. The final tuning of tbe diapason is done by tbe file, and 
Jling a diapason beats it ; at the moment it is in tune with the standard it is 
thus boated, and when it afterwards cools the tone > rises. When this socond 
diapason is used for tuuing, tbore is another similar rise, and so it continues. 
Tbis gradual elevation of pitch becomes quite sensible after tbe lapse of one or 
two generations. (Am. Jour. Sci. [2] xx. 262.) 

370. Length of sonorous waves. — It is easy to ascertain the length 
of a sonorous vibration, if we know the number of vibrations made in a 
second. Foi as sound travels at the rate of 1118 feet per socond, if 
but one vibration is made in that time, the length of the wave must be 
1U8 feet; if two vibrations, the length of each must be half of 1118, 
= 559 feet, &c. 

C corresponds, as wo have soen, to 128 vibrations per socond; tbe length of 
its waves is, therefore, (1118-4- 128) = 8*73 foot. 

Tbe following table indicates tbe length of tbe waves corresponding to the 
<1 of successive scales : 



Length of waves tn feet. 

N umber of vibrations : 

C— s . 


..... 16 

c_ 3 . 


32 

C-, . 


..... 64 

c* . 


128 

c, . 

4*375 . . 

..... 266 

C, . 

2*187 . . 

612 

C< . 


1024 


371. Interval. — Interval is the numerical relation existing between 
the number of vibrations made in the same time by two sounds, or it is 
that which indicates how much one sound is higher than another. 

Musical intervals are named from the position of the higher note 
counting upwards from the lower. 

0, 1>, E, F, G, A, B, C', D', F/, F', G', A', B', C". 

1. i. I ». I. t V. 2 - v. V. t. !. V. V. 4. 

1st, 2d, 3d, 4th, 5th, Gth, 7th, 8th, 9th, 10th, 11th, 12th, 13th, 14th, 15th. 

I. '(MS. 8. V. I. tt> l V. it. !. V. I. If. 

In the above table are given, 1st, tbe letters by which successive notes art 
designated ; 2d, the relative numbers of their vibrations as compared with the 
lowest note ; 3d, the names of tbe notes as compared with the first; and lastly, 
the intervals obtained by dividing each note by that which immediately precedes 
it. It will be seen that there are but three different intervals between succes- 
sive notes of the scale; viz. |, which (being the largest interval found in the 
scale) is called a major tone, y* called a minor tone , and | J which is called a 
tetnitone , though it is greater than one-half of tbe interval of either of tbe other 
tones. This last is also called a diatonic temitone, to distinguish it from other 
divisions made for particular purposes. The difference between a major tone 
and a miror tone is of a major tone, a*d is called a comma . 
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Comparing the notes of the natural scale two and two, we fbtain a variety 
•* intervals named as in the following : — 


TAB^E OF MUSICAL INTERVALS. 


CD — FG — AB — 
DE-QA- 
EI — BC — 

CE-FA-GB- 
EG«AC'«*BD f - 
DF — 

CF — DO — EA — GC' — 
AD' — 

FB — 

CO - EB-FC'-GD'-A 
DA — 

BP- 

CA — DB-FD'- GE' — 
AF' — BG' — 

FD' — 

CB =FE'« 

DC' — OF' — BA' — 


ED' — AG' — 
CC' — 


{ ; major tone, 
y — }f of |; minor tone, 
if -if of |f of } ; diatonic ^Bem l - 
tone. 

| ; major third. 

| b || of | ; minor third. 

I of |f — |J of |f Of || |f of. 

minor third. 

$; fourth. 

I ~ M °f |S B ^ ar P f° urt b. 

If — If of |4 of J; |t| of perfect 
fourth. 

| ; fifth. 

— If off ; |f of a perfoct fifth. 
j|; an inharmonious interval. 

| ; sixth. 

f «. ||of |; minor sixth. 

|| ; an inharmonious interval, 
y ; seventh, an inharmonious inter- 
val. 

y ; flattened seventh, 4$ of J ; de- 
cidedly more harmonious than the 
seventh.* 

§ = 1 1 of y ; minor seventh, 
f ; octave. 


372. Compound chords. — Perfect concord. — It is evidently easy 
to take throe or four notes whose vibrations have simple relations to 
each other, and which taken two and two produce a sensation of har- 
mony. Such combinations are called compound chords. 

If we take the three notes C, E, G, whose vibrations are to each 
other os the numbers 4, 5, 6, compared two and two they give the 
relations |, f, |, which constitute by their union three harmonious 
intervals called the perfect major accord. If we take the three notes 
E, G, B, which compared two and two give the relations f, }, }, we find 
it differs from the preceding only in the order of the intervals. This 
series is called the perfect minor accord . 

373. A new musical seal®. — By examining the preceding pages it 
will be seen that the relative number of vibrations, and the intervals 
between different notes in the common musical scale, are made up 
entirely of combinations formed from the three prime numbers 2, 3, 5. 
and it has been generally Btated that relations founded upon the prime 


• The ratio | is claimed to belong to natural music; see section (378> 




' ACOUSTIC®. 


273 


7 were too complioated to be appreciated by the ear, or to be cxecated 
either by the voice or by instruments. But the use of the prime seventh 
in music has been recently pointed out by H. W. Poole, Esq., of South 

Danvers, Mass.* 

Multiplying the ratios of the ordinary scale by 48, we hare the : — 

TRIPLE DIATONIC SCALE. 

( With Common Chord on C, Q, and F.) 

C, D, B, P, G, A, B, O'. 

48, 64, 60, 64, 72, 80, 80, 86. 

i. v. i- v- i> If- 

By introducing the prime 7, Mr. Poole obtains a series which he calls the 

DOUBLE DIATONIC SCALE. 

( With Common Chord on C } and Chord of 7 and 9 on Q.) 

C, 1>, E, (F), G, (A), B, C\ 

48, 54, 60, 63, 72, 81, 90, 96. 

f> V- ?J> b I. V- 1!- 

In dofenco of this introduction of the primo 7 in musical composition, it is 
claimed that it is required to 611 up the series 1 to 10 (365), as all tho other 
numbers up to ten are universally admitted. It is further cluimed that it is of 
frequent use by such masters as Hayden, Handel, in tho “I>eud Muroh of 
Saul,” Mozart, in the “ 0 dolce Conecnto,” and that it abounds in tho com- 
positions of Rossini, and occurs in all music, especially that which is popular 
or generally in favor. 

It may also be mentioned that the Chinese, in their musical scale, employ the 
flat sevenths instead of tho notes in uso with us, which gives (1 to li as 72 to 84 
or 6 to 7, and B to C' as 84 to 96 or 7 to 8, the very harmony contended f; r. 

The following example of harmonies, rising through the ontirc series from 
I to 10, is taken from the essay of Mr. Poole. 



I 


Hcsolution 


Here we have a scries of harmonies beginning with tho common chord O, E, 
ft, 4, 5, 6, and rising in the last example to tho full chord of the 10th, all of 
which can be appreciated, and are capable of giving a pleasing effect on an 
instrument of perfect intonation. The full chord of the lOtli contains tho fol- 
lowing series of vibrations and intervals : — 


* Am, Jour. Sci. [2], IX., p. 68 ; also Math. Monthly, II., p. 16, 
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D. 9 • 

0 . 6 • 

B|» 7 • 

O. 6 • 

K 5 • 

0 . 4 • 

a. 8 • 

0 . 2 • 

0 . 1 • 


LU ) 

> Minor Tons, 
9' 

| Major Tons. 

o * 

) Extended 
J Second (?) 

^ ) Diminished 
6 J Third (?) 

| Minor Third 

4 

\ Major Third. 
[ Fourth. 

3 

f Fifth. 

2 

\ Octave. 

1 J 


374. Transposition. — Any tone of the common scale, or any pi'.ch 
whatever, may be taken as the basis of another similar scale, provided 
the same relative intervals are preserved between the successive notes. 
Such change is called transposition of the scale. If such a change of 
pitch is made on an instrument tuned to play the natural scale, addi- 
tional notes must be provided in one or more of the intervals already 
described. Sunh additional notes are called sharps (j^) or flats ((>), 
according as the tone corresponding to any given note is raised or 
lowered. When new notes are interpolated in every major and minor 
tone of the natural scale, there are obtained twelve intervals in the 
octave, and the series thus formed is called the chromatic scale. 

When the diatonic semitone, f f, is taken from the major tone, |, the 
remaining interval is called a chromatic semitone. When the diatonic 
semitone is taken from the minor tone, the interval which remains 
is called the grave chromatic semitone. 

375. Temperament.-— In transposing the scale, so as to commence 
on any note of the natural gamut, it is supposed, in theory, that every 
note may be raised or lowered through an interval of a diatonic semi- 
tone, If. This would involve the addition of an inconvenient number 
.rf new notes ; therefore, in the construction of musical instruments, it 
is assumed that such notes as and Df) are identical, though they 
are not strictly the same, and are not played alike on a violin or harp, 
in the hands of a skillful performer. 

Temperament is a device by which the multiplication of notes beyond 
convenient limits is avoided. For practical purposes, organs, piano- 
fortes, and other instruments, are so tuned as to divide the octave into 
12 equal intervals, called chromatic semitones , of equal temperament* 
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In this system, all the musical intervals employed, except the octaves, 
differ more or less from their true value, as given by theory, and m 
demanded by the cultivated ear. 

True raluo. Value in equal temperament 

Minor semitone, f f = 1 042, j M 

Major semitone, \ $ = 10G7, ) = 

Minor third, J = 1200, |/ 2*= 1189. 

Major third, f = 1*250, 1"' 2 4 = 1*260 

Fifth, i = 1*500, \Z& = 1*498. 

It is here seen that the minor semitones and major thirds are all too 
■harp, while the major semitone, minor third, and the fifths arc all too 
flat. 

Messrs. II. W. Poole and J. Alley have invented an organ, on which 
every musical interval can be correctly given without tempering ; and 
the perfect musical scale can be performed in aR many different keys as 
may be desired. (Am. Jour. Sci. [2], Vol. IX., p. G8.) $ 

The subject of temperament in all its relations is too extensive to be 
treated in this work, and we must refer the reader to musical treatises 
for further information. 

376. Beating. — When two sounds are produced at the same time, 
which are not in unison, alternations of strength and feebleness are 
heard, which succeed each other at regular intervals. 

This phenomenon, called beating, discovered by Savart, is easily explained 
Supposing that the number of vibrations of 
the two sounds was 30 and 31 ; after 30 vibra- 
tions of the first, and 31 of the second, there 
would be coincidence, and in consequence, beat- 
ing, while at any other moment, the sonorous 
waves not being superimposed, the effect would be 
less. If the. beatings are near to each other, there 
is produced a continuous sound, which is graver 
than the two sounds which compose it, since it 
comes from a single vibration, while the other 
sounds are made of 30 and 31 vibrations. 

The nearer the vibrations approach to exact 
unison, the longer is the interval between the 
beats. When the unison is complete, then no beats 
are bjnrd ; when it is very defective, they produce 
the effect of an unpleasant rattle. 

377. Diapason, tuning-fork. — The dio* 
pas on is a familiar instrument, with which 
we may produce, at will, an invariable note ; 
its i se regulates the tone of musical instru- 
ments. It is formed from a bur of steel, 
curved, as teen in fig. 288 It Vs often sounded by drawing through St 
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a smooth rod of steel large enough to spring open the limbs, and it* 
vibrations are greatly strengthened to the car by mounting it, as in the 
figure, upon a box of thin wood, open at one end. A diapason, giving 
C3, or 256 vibrations in a second, produces a sound comparable with 
that from an orgnn tube. 

• The diapason is ordinarily formed to produce A3, corresponding to 428 vibra- 
tions in » second. 

The whole diatonic scale is thus conveniently constructed, by a series of dia- 
pasons, arranged as in fig. 289, upon a sounding-box, A A. 

378. Sensibility of the ear. — According to Savnrt, the most grave 
note tho ear is capable of appreciating, is produced by from seven to 
eight complete vibrations per second. When a less number is made, 
the vibrations are heard ns distinct and successive sounds. 

Tbo most acute musical sound recognised, was produced by 24,000 complete 
vibrations per second. Savart maintains, however, that this is not the extreme 
limit of the sensibility of tho oar, 289 

which is capable of wonderful 
training. ThAnino physicist has 
also demonstrated, that two com- 
plete vibrations are sufficient to 
enable the oar to determine the ra- 
pidity of these vibrations ; that is, 
the height of tho sound produced. 

If his wheel made 24,000 vibra- 
tions in a second, the two require but yj.Jynfyth of a second. The ear may, 
therefore, compare sounds which act only during this wonderfully brief interra'.. 
The limit of perceptible sound depends on the amplitude of the vibrations. By 
enlarging the dimensions of Snvnrt’s toothed wheel, and increasing tho distances 
between the tooth, more rapid vihratious can be heard. Dospretz was enabled 
to rocogniso sounds made by .'>6,500 complete vibrations per second. 

Many insects produce sounds so acute as to baffle the human ear to distinguish 
them ; and naturalists assert, that there are many sounds in nature too acute for 
human oars, which aro yet perfectly appreciated by the animals to which they 
are notes of warning, or calls of attraction. 

Tho natu.al la is said to be heard by rapidly moving the head ; owing tc the 
motion of the small bones of the car. See g 393. 

{ 3. Vibration of Air contained in Tubes. 

379. Sonorous tubes. — Mode of vibrating. — In wind instru- 
ments, with walls of suitable thickness, the column of air contained in 
the tubes alone, enters into vibration. 

The material of the tubo has no influence upon the pitch, but affects the 
quality (363) in a striking and important manner. The pitch of the sound 
produced, depends partly on the size and situation of the embouchure; still more 
on the manner of imparting the first movement to the air, and partly also on 
varying tho length of the tube containing the column of air. The difference in 
the quality of the tones produced by pipes of different materials it most prooablv 
owing to a very feeble vibration of the materials themselves. 
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Sonorous vibrations are produced in tubes in a number of ways. 
1. By blowing obliquely into the open end of a tube, as in the V 
dean pipe. 2. By directing a current of air 2 90 291 

into an embouchure, or near the closed end of 
the tube. Those tubes are called mouth-pipes. 

3. By thin vibrating laminae of metal, or of 
wood, called reeds, or by the vibration of the 
lips, acting as reeds. 4. By a small flame of 
hydrogen gas. 

380. Mouth-pipea. — Fig. 200 represents 
the embouchure of an organ tube, fig. 201, 
that of a whistle or flngeolet. In these two 
figures the air iR introduced by the opening, i 
(called the lunrifor ) ; bo is the mouth, of which 
the upper lip is beveled. The foot, P, fig. 201, 
connects the pipe with a wind-chest. When a 
rapid current of air passes through the inlet., 
it encounters the edge of the upper lip, which 
partially obstructs it, causing a shock, so that the nIV passes through 
6 o in an intermittent, manner. These pulsations are transmitted to 
the air in the tube, making it vibrate, and producing a sound. 

In order to have a pure Round, there must exist a certain relation between the 
dimensions of the lips, the opening of the mouth, and the size of the lumi&re. 
Again, the length of the tube must hear a certain ratio to its diameter. In those 
wind instruments, like the flute, flageolet, Ac., in which various notes are pro- 
duced by the opening and closing of holes in their sides by moans of fingers or 
keys, there is a virtual variation in the length of tho tube, which determines the 
pitch of tho various notes produced. The number of vibrations depends upon 
the dimensions of the tube and the velocity of the current of air. 

381. Reed-pipes. — A rood is an elastic plate of metal, or of wood, 
attached to an opening in such a manner, that a current of air, passing 
into the opening, causes the plate to vibrato. This vibration is propa- 
gated to the surrounding air. Reeds are found in hautboys, bassoons, 
clarionetR, trumpets, and in tlic Jews-harp, which is the most wimple 
instrument of this species. 

Fig. 292 represents a reed pipe, mounted on the box of a bellows, Q. A glass, 
E, in one of the walls of the tube, allows the vibrations of the reed to he soon 
The ease, II, serves to strengthen the sound. Fig. 293 represents the reed sepa- 
rated from the tube. It is composed of a rectangular case of wood, dosed at its 
lower end, and open at the top, at a point o. A plate of copper, c c, contains a 
longitudinal opening, designed to allow the passage of the air from the tube, M N, 
through the orifice «. An elastic plate, almost, closing the aperture, is confined 
at its upper end. The sliding rod, »•, curved at its lower end, permits the regu- 
lation of the pitch, by alterations in the length of the vibrating part of tlm plate. 

When a current of air passes in through the foot, P, the reed vibrates, alter* 

2G* 
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(lately opening and closing the aperatnre. The vibrations being very rapil, the 
found produced varies in pitch with the velocity of the current. This sound Ifl 
transmitted to the exterior air through 
the opening o. 

In this kind of reed, the vibrating 
plate passes through the aperture, with- 
out its walls, and the tone is remarkably 
pure and free from any harshness. The 
quality of the tone of a reed-pipe depends 
much on its figure, also upon the con- 
struction of the reed, and the material 
of which it is composed. 

In tho French horn, 
the trumpet, and other 
■imilarinstruinents, the 
sound is produced by 
tho vibration of the lips 
of the performer, noting 
like reeds. 

* 382 . Gas jet.— 

A jet of hydrogen, 
burned within a tail 
tube of glass, or 
other material, occa- 
sions, if accurately 
adjusted, a musical 
note. 



A simple form of this arrangement is seen in fig. 294, where hydrogen, gene- 
rated by tho action of dilute sulphuric acid on sine in tho bottle, is burned from 
the narrow glass tube, within one of larger dimensions. It is better to take the 
gas from a reservoir, or gas jet, with a key interposed, to regulate the volume 
of the flame. The causo of the vibrations and sound in this case is to he found 
in the successive explosions of small portions of free gas, mingled with common 
air. Tho boat occasions a powerful ascending current of air, momentarily 
extinguishing tho flamo, and at the same instant permitting tho mixture of the 
atmogplicrio oxygen with a portion of inflammable gas. The expiring flame 
kindles this explosive mixture, and relights the jet. As these successive pheno- 
mena occur with great rapidity, and at regular intervals, the necessary con se- 
quence is a musical note 

For a full discussion of tho phenomena of singing flames, see a memoir by 
Prof. W. B. Rogers, Am. Jour. Sci. [2] xxvi. 1. 


383. Musical instruments. — The principles already explained in 
this ohapter, will illustrate the peculiar power of the several sorts of 

musical instruments in common use. It is inconsistent with our limited 

* 

space to describe, in detail, the.se several instruments. Such details 
belong to a special treatise on music. Musical instruments are grouped 
ehiofly, under the heads of wind, and stringed instruments, and thost 
lik* the drum, iu which a membrane is the source of vibration 
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Wind instruments are sounded, either with an embouchurt like a flute, or with 
■oods. The first division includes the flute, pipe, flngeolot, Ac , and in the second 
are found the clarionet, bassoou, horns, trombones, Ac. The organ ulso is a 
wind instrument, and is, incomparably, tho grandest of all musical instruments, 
as its power and majesty is without parallel in instrumental combinations. 

Stringed instrument* are all compouud instruments. The sounds producod by 
the vibration of tho cords aro strengthened by elastic plates of wood, and 
enclosed portions of air, to which the cords commuuicate their own vibratiuus. 
They are vibrated either by a bow, as in tho violin, by twanging, as in the harp, 
or by percussion, as in the piano. 

Drums are of three sorts; the common regimental or suaru drum, which is a 
cylinder 3 f brass, covered with membrane, and beaten on one oud only tbe 
bass, or double drum, of much larger dimensions, and beaten ou both heads ; 
and thirdly, tho kettle drum, a hemispherical vessel of copper, covered with 
vellum, and supported on a tripod. This drum has an opening in the metallic 
case, to equalize the vibrations. They all depend, of course, upon the vibration 
Of tense membranes (318). 

384. Vibration of air in tubes. — Laws of Bernoulli. — The 

following laws of the vibration of air contained in tubes, were disco- 
vered by Daniel Bernoulli, a celebrated geometrician who died in 1782. 
We may divide tubes into two classes. 

a. Tubes of which the extremity opposite the mouth is closed. 

b. Tubes open at both extremities. 

a. Tubes of which the extremity opposite the mouth is dosed. 

1st. The same tube may produce different sounds, tho nuinbor of 
vibrations in which will bo to each other as the odd numherH, l, 3, 5, 
7, &c. 

2d. In tubes of unequal length, sounds of tho same order correspond 
to the number of vibrations, which arc in inverse ratio of the length 
of the tubes. 

3d. The column of air, vibrating in a tube, is divided into equal 
parts, which vibrato separately and in unison. Tho open orifice being 
always in the middle of a vibrating part, the length of a vibrating part 
: i equal to the length of a wave corresponding to the sound produced. 

b. Tubes open at both extremities. 

The laws for tubes open at both extremities, are the same as the pre- 
ceding, excepting that the sounds produced aro represented by the series 
of naturol numbers, 1, 2, 3, 4, &e. ; and that the extremities of the 
tubes are in the middle of a vibrating part. Again, the fundamental 
sound of t tube ipen at both extremities, is always the acute octave of 
the same sound in a tube closed at one extremity. 

Demonstration. — If the column of Air contained in a tube vibrated as a 
■ingle wave, the number of vibration* will evidently be equal to tbe velocity 
of sound, represented by V, divided by tbe length of the tube, L, or by the 
V 

quotient -. If the column of air is divided into a number of segments. Mob 
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f ibrating* separate! y, let l represent the length of one of these segments, tad 

V 

the number of vibrations per second will evidently be = j». 

(a) If the pipe containing the column of air is stopped at both ends, there will 
be a node at each end. Let n represent the number of nodes including the two 
ends; the number of vibrating segments will be n — 1, the length of each vitxa- 

L 

ting segment will be l == , and the number of vibrations per second will be 

n — 1 

V V 

= (» — 1 , in which we may substitute for n any number greater than 
l L 

. V V V 

fcnity, giving the series of possible vibrations 1.—, 2—, 3—, Ac. 

L L L 

( b ) If the tube is closed at one end, that end must be regarded as a node, and 
the open end of the tube as the middle of a vibrating segment. Therefore, 

2« — 1 

2(n — 1) *4" 1 = 2n — 1 will be the number of half segments, and — - — will be 

the entire number of vibrating segments contained in the length, L t and the 

2w — 1 V 

number «>f vibrations per second will become 

2 L 

Substituting for i» the integers 1, 2, 3, Ac.., we obtain the following aeries of 
vibrations for the different tones of the pipe : — 

V V V 

If tbe pipe is opon at both ends, an beforo let n be the number of nodes. The 
number of complete ventral segments will be n — 1, and there will be a half 
segment at each end, making n segments in tbe length L. The length of acom* 
L 

ploto sogment will therefore be — , and the number of vibrations per second is 


n ~ making n = 1, 2, 3, Ac. Wo obtain the following series of vibratiens ©or- 
is 

responding to different tones of the pipe : — 

V V V 

; 3. Ac. 

Jj is 


The series of vibrations for the tones produced by a pipe will be as follows co- 
in a pipe open at both ends, or closed at both ends, . . 1,2, 3, 4, 5, Ac. 

In a pipe open at only one end, . . . . . • . . . 1* f* §• “ 

Iu the latter case the fundamental note is an octave lower than when both 
ends of the tube are open, or when both ends are closed. The particular tone 
that a pipe will produce in either of those series depends on the strength cf the 
blast 


385. Construction of musical instruments. — Practicnllj’, the end 
of the tube where sound is formed is never entirely closed, and usually 
the embouchure is on one side of the tube. The laws of Bernoulli 
adapted to these conditions give for the construction of musical instru- 
ments the following practical rules: — 

1. The length of the tube is equal to the quotient of the velooity of 
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sound divided by the number of vibrations and diminished by twios 
the breadth of the tube. 

2. The number of vibrations is equal to the quotient of the velocity of 
sound divided by the length of the tube, increased by twice its breadth. 

3. The length of a cylindrical organ tube, flattened at the embochure, 
is equal to tno quotient of the velocity of sound divided by the number 
of vibrations, and diminished by five-thirds the diameter of the tube. 
(Comples Rendus , T. L. i860, p. 170.) 

386. Vibrating dams. — Illustrations of the vibration of air in tubes 
tre often found at waterfalls. The horizontal column of air enclosed 
behind the descending sheet of water is rarefied by friction of the water 
which carries away a portion of the air, and the external air rushing 
in at the sides is thrown into vibrations, which are often so perceptible 
%s to endanger the safety of persons approaching too near the cataract. 

At the falls of liolyokc, Mass., the descending sheet of water lias a breadth 
of 1008 feet, with a fall of 30 feet, and varying from b feet, to 3 inches thick. 
The pulsations of the air rushing in behind the waterfall vary from 83 to 253 
per minute. 

Bays Profess )r Snell, who has doscribod these phenomena at length,* ** At 
one time, when I witnessed the comparatively slow oscillations of 82 per minute, 
I was surprised by the great strength of the current of air. as it rushed into the 
opening at the end of the dam. I could not venture within the passage through 
the pier, lest I should be swept, in behind the sheet ; nor could 1 stand at. the 
entrance of the arch without bracing myself, by placing both humls on tha 
earners.” These vibrations are shown by Professor Snell to follow the laws of 
Bernoulli for the vibration of air in tubes. 

| 4. Vocal and Auditory Apparatus. 

1. OF VOICE AND SPEECH. 

387. Voice and speech. — In nearly all the air-breathing vertebrate 
animals, there are arrangements for the production of sound, or voice, 
in* some purt of the respiratory apparatus. In many animals the sound 
admits of being variously modified and altered during and after its pro- 
duction ; and in man one of the results of such modification is speech. 

388. The vocal apparatus of man consists of the thorax, the 
trachea, the larynx, the pharynx, the mouth, and the nose, with their 
appendages. 

The thorax, by the aid of the diaphragm and the intercostal muscles acting 
ua the lungs within, alternately compressing and dilating them, performs the 
part of the bellows producing a current of air for the production of sound. The 
trachea , or the windpipe, extending from the larynx to the lungs, acts as a tube 
to convey the air from the lungs to the organs more immediately corcernod in 
the production of voice and speech. The larynx, which may be considered as 
the musical organ of the voice, corresponds to the mouth. piece or that part of 
ihn organ tube which gives the peculiar character to the sound. The pharynx 


• Am. Jour. ScL [2] Vol. XXVIII. p. 22*. 



282 


THE THREE STATES OF MATTER. 


is a large cavity above the larynx, which, by the varying form and tension of 
Us walls, modifies the tones of the voice. The mouth and nasal passages corres- 
pond to the upper part of an organ tube from which the vibrations of tha 
column of air are thrown into the atmosphere. 


The larynx. — This orgun is composed essentially of four cartilages, 
called respectively the thyroid, cricoid, and the two arytenoid carti- 
lages. The cavity of the larynx is nearly closed by two pairs of mem- 
branes, called the vocal cords, the opening between which iB called 
the glott is. 296 

In fig. 295, she wing a vertical sect ion through 
the larynx and glottis, the position of the thy- 
roid and cricoid cartilages is seen iu K f>, a a. 

The thyroid cartilage consists of two flat plates 
whose upper edges are curved somewhat like 
tho letter .S’, and forms a prominent projection 
on the throat of man, visible exteriorly, and 
vulgarly called Adam’s Apple The cricoid 
cartilage, a <*, lies below the thyroid cartilage, 
and is in fact only an enlargement of one of 
the cartilaginous rings forming the wind-pipe. 

Tho position of the arytenoid cartilages is over 
the cricoid cartilages. These several cartilages, 
with the hyoid bone, serve as points of attach- 
ment for the muscles forming the proper vocal 
apparatus. The two chief tongues of the glottis, 
or proper vocal oords, or, extend from the 
thyroid cartilage to the arytenoid cartilages, 
and leavo between them a fissuro, the rim a 
vocalit, or glottis, shown better in fig. 297. This fissure leads on one side hue 
tho trachea, which lies below the larynx, and on the other into* the cavity of the 
larynx itself, which communicates with the cavities of the mouth and nose. 

Besides the proper vocal cords, there are the ventricular cords, d d, situated 



a small distance above them in the epiglottis; they are less developed than tho 
first. The ventricular cords have no part iu the production of vocal sounds, 
which, however, they doubtless serve to modify uml strengthen in the same way 
as the conical case surmounting an orgun tube. 

Between these two sets of oords are seen the deep depressions, called tht 
ventricles of the glottis. 

The voice is produced iu the larynx ; for if an opening is pierced 
into the trachea, below the larynx, tho air escapes by this opening, 
and it is not possible to produce any vocal sound. If an opening 
is mado above the larynx, it doos not prevent the formation of 
sound. Magondie mentions the case of a man who hud a fistulous 
opening in his trachea, and who could not speak unless he 
elosed it, or wore a tight cravat 

The glottis. — A clear idea may be obtained of the form 
and action of the glottis, by supposing two pieces of India 
rubber stretched over the orifice of a tube, so that a small fissure is left 
between t/iem, fig. 296 
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’ By forcing air through such a tube, sounds will be produced, varying with 
the tension of the membranes and the dimensions of the aperture. The glottis 
is a fissure-like opouiug, bounded by similar membranes. By means of a series 
of small muscles, the vocal cords may be extended or relaxed at pleasure, while 
other muscles afford the power of alteriug the width of the vocal fissure. 

The vocal ligaments being thicker at their free edges than elsewhere, they 
vibrate like cords, but as they also extend like plates to the sides of the larynx, 
their vibrations arc very nearly allied to the vibration of reeds. There has beeu 
much controversy as to whether the laryux and glottis are to he considered at 
a reed, or as a stringed Instrument. It is probably more correct to say that it 
acts upon the principles of both combiued. • 

389. Mechanism of the voice. — The formation of Hound in the 

larynx, as low been already suggested, is produced by the vibration of 
the vocal cords, acting os a species of membranous rood, under the 
influence of air from the lungs. The sound being produced as in ordi* 
nary reeds (381) by the intermittent current 297 

of air. 

The glottis is the original seat of the sound, 
and, although other parts of tho respiratory 
apparatus have a certain influence in modifying 
the tone, they have no share whatever in the 
production of the sounds, or in determining 
their pitch. 

When at rest, the lips of the glottis are 
wrinkled and plicated, so that the air in respi- 
ration passing through the Assure fails to put 
the membranes in vibration. But as the musi- 
cian tunes his instrument by increasing or di- 
minishing the tension of its vibrating strings, so something like this 
occurs with the human larynx. The two conditions of the glottis are 
beautifully shown by the two parts of fig. 297, from Mliller. The 
upper show’s the organ at rest, the vocal cords, cc, being relaxed, wdiile 
in the low’er, these cords are shown us in the act of vibrating ; tlieHtiml 1 
air passage, o , opening into the trachea, is never closed. When sounds 
are to be produced, the fissure is contracted and the membranes receive 
the degree of tension necessary for vibration. The sound varies accord- 
ing to the tension of the membranes, the magnitude of the fissure, and 
the form and magnitude of the passages through which the air thus put 
into vibration, passes before it issues into the atmosphere. 

390. Range of the human voice. — In speaking, the range of the 
human voice is subject to but very little variation, being generally 
limited to half an octave The entire range of voice in an individual is 
rarely three octaves, but the male and female voice taken together may 
be considered as reaching to four. 
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There are two kinds of male voices, called bass and tenor, and twg 
kinds of female voices, called contralto and soprano, all differing from 
each other in tone. The strength of the bass voice is in general greater 
on the Jow tones than the tenor. The contralto is also stronger on the 
low tones than the soprano. But bass singers can sometimes go very 
high, and the contralto frequently sings the high notes like soprano. 

The essential difference between the bass and tenor voices, and 
between the contralto and soprano, consists in the tone or * # timbre” 
which distir guishes them even when they are singiug the same note. 
The barytone is intermediate between bass and tenor, and the mezzo- 
soprano is, in like manner, found between the contralto and soprano. 
These two qualities of voice have a middle position as to pitch in the 
scale of mule and female voices. 


The different qualities of tenor and bass, and of alto and soprano voices, 
probably depend on some peculiarities of the ligaments, and the membranous 
and cartilaginous parities of the laryngeal cavity which are not at present 
understood. We may form some idea of these peculiarities, by recollecting that 
musical instruments made of different materials, e. #/., metallic wires and gut- 
strings, in ay be tuned to the same note, but that each will have a peculiar quality 
or “ timbre.” 


The following are the limits of the different classes of voice, as determined by 
Caguiard do hatoiir, Savurt, and others, the numbers annexed being the num- 
ber of double vibrations of the glottis produced in a second of time. 


Soprano, 

m 528, 

Tenor, U;|2> 


Mezzo-soprano, 


J U30, 
( 220 . 
( * 152 , 


Contralto. I 

1 220 , 

| 82*5. 


301. Ventriloquism, stuttering, 8cc. — VentriluquUm is supposed by 
many investigators to consist chiefly in the use of inspiratory sounds ; this is 
true ouly to a certain extent. The art of the ventriloquist depends greatly on 
the correctness of ear and flexibility of organ, through which common tones 
are modulated to the position and character in which the imaginary person is 
supposed to speak ,* other means often being used to heighten the deception, as 
concealing the face that the play of organs may not be observed; often in 
Speaking with expiratory notes, the air exptdlcd by one expiration is distributed 
over a large space of time, and a considerable number of notes. 

In Muttering, the several organs of speech do not play in thoir normal summa- 
tion, and thus are continually interfered with in convulsive impulses and ineffi- 
cient adjustments. The cause of this result lies almost wholly iu the nervous 
apparatus which rules over the organs of speech. Important remedial means 
are, to ati.dy carefully the articulation of the difficult letters, to practice their 
pronunciation repeatedly aud slowly, and to speak only when the chest is well 
filled with air. 

In deaf and dumb persona the organs of speech hare originally no essential 
defects. The true cause of their dumbness lies in their inability to perceive 
sound Thu impossibility of appreciating the several sounds, and thus gradu- 
ally acquiring the power of properly adjusting the organs of speech, is tha 
chief reason why the second infirmity is associated with the first. 
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802. Production of sounds by inferior animals. —The sounds 
which the different animals produce are peculiar to the class to which 
they belong ; thus the horse neighs, the dog barks, the cat mows, Ac. 
These various modifications depend on the peculiar structure of the 
larynx, but more upon the form and dimensions of the nasal and other 
cavities, through which the vibrating air passes. 

The cat is distinguished from other mAiumifcrs by the almost equal develop* 
Blent of the inferior and superior vocal cords. Many of its notes are almost 
human. The horse and ass are supplied with only two vocal cords. Animals 
which howl, and are heard at great distances, havo generally large laryngeal 
ventricles. 

Birds arc furnished with two larynx, a superior and inferior, which 
serve at the same time for the entrance and exit of air, and for the 
purposes of vocalization. The upper larynx, which corresponds to the 
larynx in inaminifers, can only bo regarded as an accessory of tho 
voice. The lower larynx is the true larynx ; it is placed at the lower 
port of the trachea, where it branches. Those birds in which it is 
absent are voiceless. The voice of birds is produced, like that of main- 
mifers, by the vibration of the cords of the glottis. 

Insects, in general, produce sounds remarkable for their acuteness. 
Their sounds are produced in a great number of ways, some effecting 
it by percussion, and some by the friction of exterior horny organs 
upon each other, as, for example, in the grasshopper. In others, the 
swiftly recurring beatings of the wings produce sounds, as with the 
inusquito. Many insects produce sound by the action of some of their 
organs on the bodies around them, as, for example, the vnrious insects 
which gnaw wood.* 

II. TI1E EAR. — HEARING. 

393. Auditory apparatus of man. — In the ear, impressions are not 
at once made upon the sensory nerve, by the body which originates the 
sensation, but they are propagated to it through the medium of the 
atmospheric air. 

The organ of hearing in man is composed of three parts: the exter- 
nal ear, the middle ear, or tympanum, and the internal ear, or laby- 
rinth. 

The external ear consists of (1) the pinna, or pavilion, a, fig. 298, 
which collects the soniferous rays, and directs them into (2) the audi- 
tory canal, or meatus auditoriup, b. 

The peculiar form of the pinna, with in? numerous elevations and depressions, 
has not as yet been satisfactorily shown to be related to tho principles of 
acoustics. 

The auditory canal proceeds inwards from the pinna, to the tympanum# <* 


27 


• See Appendix, p. 668. 
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it is ao elliptic*! tube, about an inch long. Its interior is protected by hairs, 
and by a waxy secretion. 

The middle ear, tympanum, or tympanic cavity. — The middle 
ear it a cavity in the temporal bone filled with air, and somewhat head 

298 



tphericn. in form; it measures about half an inch in every direction. 
It extends from the tympanum, c, fig. 21)8, to o and f and encloses the 
chain of hones, edej\ called the ossicles , or little hones, of the ear. 

The middlo car is separated from the auditory canal by a thin oval 
membrane, the membrana tympanic which is placed obliquely across the 
end of the canal, at an angle of about 45°, its outward plane looking 
downwards and forwards. 

The Eustachian tube is a membranous canal leading from the anterior 
portion of the middle car downwards and forwards to the pharynx, with 
which it communicates by a valvular opening that is generally closed. 

The Eustachian tube gives exit to the mucus which forms in *be middle oar, 
and also permits the entrance of air to preserve equality of pressure on the 
external and internal surfaces of the membrana tympani. 

The discomfort produced by unequal pressure on the two surfaces of the 
membrana tympani may easily be understood by closing the nose and pertorm- 
ing the act of swallowing, when the air will be partially exhausted from tho 
^middle ear. The external pressure on the membrana tympani then becomes 
greater than the internal, an unpleasant sensation is produced, and the sense 
of hearing is obscured. Forcible distension of the pharynx in blowing a horn 
or rum pet often produces a di igreeable fullness in the ears, by forcing air 
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ihfjQgh the Eustachian tube into the middle ear. A cold often impairs the 
Mnse of hearing by obstructing the Eustachian tube. 

A chain of three small bones, the ossielbs of the tympanum, passes 
* through the middle oar from the mcmbrana tympuui to the entrance 
of the internal ear. These bones are shown separated from each other 
in fig. 299. 


The malleus, or hammer-bone, m, the incus, or anvil, <>, and 
ftirrup, f. They are connected with each other in such a manner 
ae to allow of slight movements. This chain of hones is attached 
at one end, as is shown in fig. 298, by the handle of the malleus, 
to the tympanic membrane, and at the other by the foot of the 
Stirrup, to the membrane of the fenestra oval is. 

The muscles which act upon those small hones are supposed to 
have the power of giving more or less tension to tho membranes 
which they connect, and thus rendering them more or less sensi- 
tive to sonorou” undulations. 


the stupes, or 
21»i» 





The internal ear, called, from its complicated structure, the laby- 
rinth, has its channels curved and excavated in the petrous bone, the 
hardest of any in the body. The labyrinth consists of three parts ; the 
vestibule, the semicircular canals, and the cochlea. 

The vestibule, < 7 , fig. 29K, is n central chamber, formed in the petrous hone; 
in it arc a number of openings, for branches of tho auditory nerve, small 
arteries, Ac. In its external wall, tho fenestra ovalis is found. 

The semicircular canals arc three in number, opening into the vestibule at its 
posterior and upper part, and placed in planes at right angles to each other. 
Within these canals arc placed flexible tubes, of the same form, called membran- 
ous canals, filled with fluid. 

The cochlea, t, is a conical tube, wound spirally, making two and a half turns. 
It resornblos a snail's shell in appearance; whence its name. Its interior is 
divided by a spiral lamina, called the lamina spiralis, into two passages which 
oommunicate by a little hole in the upper part of tho jqq 

helix. Between the meinbrunous and the bony labyrinths, 
a peculiar liquid (the perilymph) intervenes, which also 
fills the cavities and cochlea ; the mombranoas luhyrinth 
is distended by another liquid (the endolymphj. Within 
the labyrinth thus filled w ith liquid, tho terminal filaments 
of the auditory nerve are placed. 

They arc expanded in the ves- 
tibule, spreud out upon the 
lamina spiralis, and also in 
certain enlargements, called 
ampullsB, at the entrance of 
the semicircular canals; but 
they do not traverse the semi- 
circular canals. 

Fig. 800 is a magnified view of the labyrinth, showing the form and relation 
of the vestibule, semicircular canals and cochlea, partly laid open, so as to di» • 
play their interior cot itruction. 
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394. Functions of the different parts of the ear. — 1. The war H 

of sound pushing into the external ear, are collected and diiected into 
the auditory canal, and strike upon the tympanic membrane, which is 
thus thrown into vibration. * 

2. The chain of bones connecting the membrana tympani with the 
fenestra ovalis, receives the vibrations and transmits them to the vesti- 
bule through the membrane which covers the fenestra ovalis. 

3. VibrAtions thus excited in the fluid which fills the labyrinth, are 
received by the expanded filaments of the auditory nerve, and the 
sensation of sound is thus transmitted to the brain 

In considering the uses of the different parts of the mi idle and internal ear, 
it is necessary to refer to the following principles, which have been fully 
deu^ mat ruled by experiment. 

1. Atmospheric vibrution* lose much of their intensity when transmitted 
directly to cither solids or liquids. 

2. The intervention of a membrane greatly facilitates the transmission of 
vibrations from air to liquids. 

3. Vibrations are readily transmitted from air to a solid body, if the latter is 
attached to a vibrating membrane, so placed that the vibrations of the air act 
upon it. 

4. Souorous vibrations arc communicated from air to water without any per 
ceptihle loss of intensity, when to the membrane forming the medium of com- 
munication there is attached a short solid body, which occupies the greater part 
of its surface, and is alone in contact with the water. 

b. A solid body fixed in an opening by means of a border membrane, so as to 
be movable, communicates sonorous vibrations, from air on one side to water 
or the fluid on tine other side, much better than solid media not so constructed. 
Hut the propagation of sound to the fluid is reudered much more perfect if the 
solid conductor thus occupying the opening is by its other end fixed to the 
middle of a tense mcmhrunc which has atmospheric air on both sides. 

These principles enable us to understand that vibrations are communicated to 
the iuternul cur with greater intensity, by means of the membrana tympani and 
the chain of tympanic ossicles, than if these organs did not intervene between 
the atmospheric air and the internal ear. We find that in the lower orders of 
animals, where hearing is less acute than in man, the middle ear and tympanic 
staidcs are wauling. The air iu the cavity of the tympanum serves also to 
iusulato the chaiu of small bout;., and prusurve the purity and intensity of the 
vibrations which are transmitted. The communication between the middle ear 
and the cxtcrnul air, by means of the Eustachian tube, is thought to provent 
roverberntinn and echoes in that cavity. 

The sound of a tuning-fork, or other sonorous solid body, applied to the teeth, 
or any bone of the head, is heard more distinctly than when the sound is trans- 
mitted to the ear by means of the air ; it has therefore been concluded that the 
cochlea, ami especially the lamina spiralis, facilitates the appreciation of such 
sounds. In regard to the use of the semicircular canals, the opinions of phy- 
siologists are as yet divided. 

For full discussions of the functions of different parts of the ear, th« student 
is referrel to Curpeuter's Physiology and to Todd A Bowman's Physiology. 

395. Natural diapason. — Oagniard de La tour, one of the best 
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Modern authorities in acoustics, satisfied himself that he heard the 
sound la (A of the musical scale) sounding within his head when he 
agitated it from side to side. Mr. Jobard suggests that this natural la 
is caused by the contact of the malleus against the incus in the car, a 
contact easily made by a rapid movement of the head, the neck being 
disembarrassed of clothing. (Am. Jour. Sei. [-] XXVI. 97. ) 

396. Organs of hearing in the lower animals. — The soophytos 
appear to be wanting in the sense of hearing, and no special auditory 
apparatus has been discovered in insects, although they do not uppear 
to be altogether insensible to sound. In the moliuscn, the organ is a 
sac, filled with liquid, in which the last fibrils of the acoustic nerve are 
diffused, or & nerve fibril, in connection with a little stony body (an 
otolith), included in a sac of water. These animals canonly distinguish 
one noise from another, or their quality, and that imperfectly, and have 
no perception of musical notes. This organ, corresponding, us is as- 
sumed, to the semicircular canals, increases in complexity as we rise in 
the scale of being. In lizards and scaly serpents, the ear commences 
with the tympanic membrane; and there is added a conical cochlea. 
As we pass through them, the plan is further developed ; the tympanic 
cavity, Eustachian tube, the chain of bones, Ac., appear. In birds 
there is a continued improvement, and all the aerial tribes of mammals 
have external ears, while a full development of all the auditory parts is 
reaohed only in man. 


Problems is Aoouatioa. 

Velocity of Sound. 

183. The rumbling of thunder was heard seconds After tho corresponding 
flash of lightning was seen ; what was the distance of the discharge? 

154. Calculate the volocity of sound in air at a temperature of 90° ; also at 
40° below zero of Fahrenheit’s scale. 

155. What time would be required to transmit sound um miles ‘z tho waters 
of a quiot lake ? 

158. In what time would sound travel a distance of 3| miles in each of the 
following substances: iron, wood, carbonic acid, hydrogen gas, vapor of alothol 
at 140°, vapor of water at 154° ? 

157. What time was required to transmit the sound of the explosion of the 
volcano at St. Vincent’s to Demerara (see page 260), supposing the round to 
have travelled in the air alone? 

158. At what distance from the source of sound must a reflecting surface be 
olaced that an echo may be heard three seconds after the original sound? 

159. From the top of a precipice a stone was let fall, and after 5J seconds it 
was heard to strike the bottom. What was the height of the precipice? 
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160. What was the distance of the meteor which was heard at Windsor Cattle, 
in 1783, ten minutes after it disappeared, assuming the air at 50° F. ? 

161. An observer supposes himself in the range of a distant cannon, the report 
of which he hears 10 seconds after seeing the flash; how soon may he appre- 
hend danger from the ball, supposing it to fly at the rate of a mile in eight 
second* ? 

1C2. The flash of a gun throwing shells was seen due east from tho observer; 
after three seconds the report was heard ; after another interval of three seconds 
the shell was seen to explode 40° south of cast, and the explosion of tho shell 
was heard three seconds later; to what distance was the shell thrown ? and what 
was its velocity of flight? 

Physical Theory of Music 

163. A metallic wiro, placed upon tho sonometer, vibrates 300 times m a 
second ; by how much must its length be diminished that it may make 370 
vibrations per second ? 

161. What number of vibrations per second are required to give the note G 1 
of the Italian opera? 

10.*> What is the length of a wave in air when an instrument sounds E 3 of 
the llcrlin opera? 

100. What are the relative numbers of vibrations required to form tho notea 
E and It sharp ? 

107. What is tho interval between C sharp and I) flat when both notes are 
correctly sounded ? 

10S. How does the interval of four perfect fifths differ from a major third in 
tho scale two octaves above the key note? 

109. What is the fractional expression for tho chromatic semitone? What for 
the grave chromatic semitone? 

170. What is the number of heats in u minute formed by two tones whose 
vibrations are as 21 to 25, when the higher note makes 750 vibrations per second? 

171. Calculate theliumber of vibration* per minute at the Holyoke Falls, for 
1, 2, and 4 nodes respectively, the breadth of tho dam 1008 feet, tho enclosed 
column of air being entirely open at both ends. 

172. Estimating the velocity of sound at 310 metres per second, what number 
of vibrations per second will be produced in a square organ tube whose length 
is 1*13 metres and its breadth 0*08 metres ? 

173. The organ of the church of Saint Denis, in Paris, is tuned to the normal 
la (A 3) of .880 simple vibrations per second, and a square tube 9 566 metres 

long and 0*48 metres broad, was constructed to play (C -), hut on trial it 

was found too flat. What alteration of its length would correct its tone? 

174. Calculate the respective lengths of a series of square organ tubes to play 
the scale commencing with C 1, the longer tube having u breadth of 4 inches, 
and each tube in tho ascending scale having a breadth £ of an inch less than 
tho preceding ; the normal /<i being reckoned at 856 simple vibrations. 

175. Calculate the dimensions of a series of cylindrical organ tubes for tht 
scale commencing with C 4, the longer tube having a diameter of 1 inch, *nd 
tho others in the series diminishing regularly in diametet by ^ of an inch; the 
organ to he tuned ns iu the lust example. 

176. What are the names of the next three higher notes in the scale which 
the tubo playing G 4 in the last example would give by sufficiently increasing 
the strength of the blast? 



PART THIRD. 

PHYSICS OF IMPONDERABLE AGENTa 

LIGHT, HEAT, AND ELECTRICITY. 


CHAPTER I. 

LIGHT, OR OPTICS. 

£ 1. General Properties of Light. 

397. Optics. — Light. — Option (from the (ireck verb onro/tat , to see) 
is that branch of physical science which treats of the naturo and pro* 
per ties of light. 

Light is a mysterious agent, acting upon the organs of vision, and 
imparting to us a knowledge of external things. It brings us into 
relation with surrounding objects, enlarging the sphere of our habita- 
tion, in a measure annihilating distance, unfolding to us the beuuties 
of nature, and acting as a perpetual source of enjoyment. 

398. Nature of light. — Theories. — In regard to the nafere of 
light, a great diversity of opinion has prevailed among philosophers. 

(a) Corpuscular theory. — Sir Isaac New T ton maintained that the 
phenomena of light are produced by luminous corpuscles thrown off 
from burning bodies, each particle producing, in its flight, vibrations 
in the surrounding ether similar to the waves produced by a stone 
falling into the water. 

(b) Undulatory theory . — Iluyghens maintained, in opposition to 
Newton, that light consisted solely of vibrations in an ethereal medium, 
without the onward progress of any substance whatever. This theory 

(291) 
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has been investigated and defended by many of tbe ablest philosophers ; 
by Young, Malus, Fresnel, Brewster and others, and is now generally 
received. 

The undulations producing the phenomena of sound take place in 
the same direction that the sound itself moves ; but the vibrations of 
light are supposed to move at right angles to the direction in which 
light is propagated. It is difficult to explain all the phenomena of light 
even on this theory. 

(c) An oscillatory theory of light has been proposed by Mr. Rankine, 
cl Glasgow.* In this theory, the particles of luminiferous ether are 
supposed to rotate on their axes, by the influence of a species of mag- 
netic force, which is wholly destitute of effect in producing resistance 
to compression, so that it is no longer necessary, as in the uiuhilatory 
theory, so suppose the luminiferous medium to have the properties of 
an elastic body. The same mathematical formulae are employed, with 
this hypothesis, as for the undulatory theory. Whether this theory can 
be applied to cxplaiu all the phenomena of physical optics, remains to 
be proved. 

399. Souroes of light. — Phosphorescence, — The sources of light 
are the sun and sf&rs, beat, chemical combinations, phosphorescence, 
and electricity. 

We know not the real cause of the light emitted by the sun and 
stars, but we know that bodies become luminous at a high temperature, 
and shine more vividly in proportion to the intensity of the heat, from 
which we aro accustomed to suppose that heat and light are only modi- 
fications of one and the same cause. Artificial lights depend, in general, 
upon combustion, or the union of tbe oxygen of tbe air with burning 
bodies. This chemical action is attended with the disengagement of 
considerable heat as the burning body becomes luminous. Other chemi- 
cal combinations arc attended with light, and it is doubtful whether any 
bodies become luminous without chemical action of some kind. 

The term phosphorescence is given to a pale light emitted in the dark 
by certain substances which do not appear to emit any seusible heat. 
Phosphorescence has been observed iu animals, vegetables, and even in 
minerals. During the heat of summer the glow-worm and fire-fly emit 
a brilliant light. 

In tropical regions phosphorescent insects are very numerous. The 
waters of the ocean, especially in warm latitudes, are often covered 
with little auimalcules which become luminous at night when the wnt«r 
it agitated, shining in the wake of a vessel like a track of living fire. 


• See transactions of tbe British Association for 1853, p. 9. 
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* la certain circumstances also rotten wood and decaying flesh become 
phosphorescent. By friction, or by long exposure to the rays of the 
sun, certain minerals, as the diamond, white marble, and fluor spar, 
acquire the property, it is said, of shining, for a brief period, in the 
dark. The cause of phosphorescence is not known, but in some cases 
it appears to depend upon electricity. 

Electricity is a sourco of light so intense that its brightness is equal, 
in some cases, to one-fifth, or even one-fourth that of the sun. 

400. Relation of different bodies to light. — All bodies are 3ither 
luminous, transparent, translucent, or opaque. 

(a) Luminous bodies are those in w hich light originates, as the sun, 
and burning bodies. 

(b) Transparent bodies allow light to pass freely through them, thus 
permitting the form of other bodies to be distinctly seen through 
them. Such are water, air, and polished glass. Such substances are 
also said to be diaphanous (from dtd, through, and yamo, to shine). 

(c) Translucent bodies permit only a portion of light to pass, and in 
so irregular or imperfect a manner, that the outline of other bodies 
cannot be clearly seen, as rough glass and oiled paper. 

(rf) Opaque bodies are those which do not ordinarily allow any light 
to pass through them, us wood and the metals. But all bodies, even 
the metals, may be made so very thin as to become partially transparent 
or translucent. Opacity is not absolute in metals, as is proved in the 
case of gold-leaf on glass, through which a beautiful violet-green light 
is seen. This light is found by optical experiments to be truly trans- 
mitted light, and not ft color caused by the minute fissures of the gold- 
leaf. It is worthy of remark, that this greenish color is complementary 
to the red, which is the color of gold when seen by successive reflections. 

401. Rays, pencils, and beams of light. — A single line of light 

is called a ray . A pencil of light is a collection of rays diverging from 
a common source, or converging to a point. A beam of light is a 
collection of parallel rays. Diverging rays are those which gradually 
separate from each other. Converging ruys are those which tond to 
meet in a common point; hence we have the terms 301 

diverging pencils, and converging pencils of light. 

402. Visible bodies emit light from every 
point and in every direction, the rays diverging 
from each point in right lines. 

Let ABC, fig. 301, be three points in any visible object; 
from each of these points, light is emitted in diverging 
pene'ls, as partially represented in the figure. 

Is thts figure certain points are soen, where rays from ABC cross each other 
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And between them are vacant spaces. No such vacant spaces exist, but the 
rays from all points in the object are crossiug each other at every point in tha 
space where the object is visible. 

403. Propagation of light in a homogeneous medium. — A me- 
dium is something existing in space, capable of producing phenomena. 
A medium is called luminiferous , which is capable of transmitting 
light; and it is said to be homogeneous when the composition and density 
of all its parts are the same. All space is supposed to be pervaded y j 
a luminiferous medium, called luminiferous ether, and yet the particles 
of this ether may act upon each other at great distances. In a horn.'* 
geneous medium, light always moves in straight lines. If any opaque 
body is placed in a direct line between the eye and a luminous body, 
the light is intercepted. 

When light enters a dark chamber by a very small opening, the 
course of the light beeomes visible by illuminating the fine particles of 
dust always floating in the air. Kays of sun-light are thus easily 
demonstrated to move in straight lines. 

404. Velocity of light. — Light travels with such amazing velocity, 
that, for any distances on the surface of the earth, the time occupied in 
its passage from one point to another is totally inappreciable by 
our unaided senses. 

In 167ft, Roomer, ft Danish astronomer, observed that the oelipsts of the fir»% 
satellite of Jupiter, which occur at uniform intervals of time when the enrth is 
moving in that part of her orbit nearest to, or most remote from Jupiter, aro 
constantly retarded when the earth is moving from that planet, and as regularly 
accelerated when the distance between the earth and Jupiter is diminishing. 
He found that when the earth was in that part of her orbit most distant from 
Jupiter, the eclipse* of the first satellite tako place 16m. iifta. later than when 
in the opposite part of her orbit. 

By this means the velocity of light was ascertained to be about 192,000 xnilcfl 
In a second. 302 


Foucault's apparatus 
for measuring the velo- 
city of light. — Notwith- 
standing the prodigious 
velocity of light, M. Fou- 
cault 1ms succeeded in 
measuring it, by employing 
a revolving mirror, accord- 
ing to the method devised by 
Wheatstone for measuring 



the velocity of electricity. In dt scribing this apparatus, we shall sup- 


pose the properties of mirrors and lenses to be already understood. 


Tbs apparatus of M. Foucault it rapratantad is fig. 302. Tha shuttar of a 
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Sark chamber is pierced with a square opening, K, behind wine. a fine platinum 
wire, o, is stretched vertically. By means ol a mirror, a beam of solar light is 
made to enter the chamber, uud being divided by the platinum wire, it falls upon 
an achromatic lens, L, of tong focus, placed at a distance from the platinum wire 
less than doulle tho distance of its principal focus. The image of the platinum 
wire would be formed in the axis of the lens, somewhat enlarged. But the 
beam of light, after passing the lens, fulls upon the plane mirror, »i, which 
revolre3 with great velocity, and being reflected by it, an image of the platinum 
wire is formed in space, which image is displaced with an ungul&r velocity, 
double the velocity of the mirror.* This image is received by a concavo mirror, 
M, so fixed that its centre of curvature coincides with the axis of rotatiou of 
the revolving mirror, m. The pencil reflected by the mirror, M, returns buck 
ward and is again reflected by tho mirror, *n, and pusses back through the leus, 
I*, and forms an imago of the plutinum wire, coinciding with the wire itself, if 
tbe mirror, m, revolves slowly. In order to view this image without obscuring 
the pencil of light which enters the chamber by the opening K, a piece of plate 
glass, V, with parullol faces, is placed between tho lens and the plutinum wiro, 
inclined in<eucb a manner that the rays reflected full upon a powerful eye-glass, 
P. If the mirror, »u, remains stationary, or if it revolves Bloivly, tho returning 
ray, M m, fulls upon tho mirror, »*, in the sume position it occupied at the first 
reflection, and roturniug in the direction it came, it meets at « the plate glass, 
V, and is partially reflected, und forms in d, at a distance a d, equal to a o, an 
imago which is seeu by tbe eye by means of the eye-piece, P. 

The revolving mirror, m, causes this image to bo repeated ut each revolution, 
and if the velocity of rotution is uniform, the image does not change its position. 
When the velocity does not exceed thirty revolutions per second, the successive 
appearances of tho image are distinct, but when the velocity is greuter, the 
impressions upon tho eye are continuous, and the imuge appears eoustant. 

When the mirror, «/, revolves with great rapidity, its position is sensibly 
changed during the interval occupied by tbe light in passing Iroui m to M, and 
buck aguin from M to m, and the returning ray, after reflection by the mirror, m, 
takes the direction m b , and forms an image in » ; thus the image bus deviated 
from d to *. Strictly speaking, there is some deviation even when tho mirror 
turns slowly, but it is appreciable only when it bos acquired a certain magnitude, 
by making the rotation of the mirror sufficiently rapid, or by taking the distance, 
M m, sufficiently great. By means of the deviation in the position of tbe image 
and the velocity ol rotation, the time required for the light to pass from m to M, 
and back again, becomes known, making 1 b.- M m, /'■ L«,r» 0 L, n mm tbe 
number of revolutions per second, I) =** the absolute deviation d i, and V 
tbe velocity of light per second. M. Foucault obtained tbe following formula 
for tbe velocity of light, 

8 TiPnr 


* To demonstrate this, let m n , fig. 303, bo the revolving mirror, 0, an objoet 
placed before it, and forming its image at O' ; when tho mirror arrives at tha 
position m' »', the image will be formed at 0". But the angles, O' 0 0", and 
w c m’ are equal, because their sides are perpendicular to each other* But tha 
Inscribed angle O' 0 0" is measured by half tbe arc 0' 0", and tbe angle m oa', 
is measure*) by the entire arc m m' ; hence the arc 0' 0", is double m m', which 
thus demonstrates that the angular velocity of the image is doubla tha angular 
valoeity af tha mirror. 
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In the experiments of M. Foucault, m M, was only about four yal 1, , but by 
giving tbe mirror, m, a velocity of 600 or 800 revolutions per second he obtained 
a deviation of from eight one-hundredths to twelve one-hundredths of an inch. 
Owing to the vibration of the apparatus revolving with such great rapidity, the 
results yet obtained by this method for the absolute velocity of light are not 
considered as entirely correct, although of the highest interest. 

Experiments have been made with the same apparatus to determine tbe velo- 
city of light in liquids as compared with the velocity in air. For this purpose 
a tube, A 11, throe yards long, is tilled with distilled water, or any other liquid, 
and placed between the revolving mirror, m, aud the concave mirror, M', similar 
to M. The rays of light reflected by the revolving mirror in the direction 
in M', pass twice through the column of fluid in the tube, A 71, before returning 
to the mirror, V. The returning ray is reflected at c, and forms an image at h. 
The deviations of the rays which traverse the liquid are greater than the devia- 
tion of the rays which are propagated in air alone, which shows that the velo- 
city of light in fluids is less than in air. 

Fizeau’s method. — Another method of direct determination of the velo- 
city of light has been devised hy M. Fizcau, of Paris, in 1S49. An deposition 
of this method, hy Prof. A. Caswell, will be found in the Smithsonian Report 
for 1368, p. 130. 

Results. — From these and other methods the velocity of light has 
been determined to be in air 192,000 miles per second ; in water 
144,000 miles; in glass 128,000 miles; and in diamond 77,000 miles. 

405. No theory of light is entirely satisfactory. — In the cor- 
puscular theory of light, advocated by Newton, it was supposed that 
fluids and solids attracted the light, and refraction was explained by 
supposing that light moves faster in dense bodies than in air, as is 
known to he the case in regard to sound. According to the undulutory 
theory, it is known that transverse waves or undulations must move 
slower in dense bodies than in rarer media. 

The discovery of Foucault, as just explained, that light actually 
moves slower in denser media, tends to confirm the undulatory theory. 

The immense power of resisting compression which a medium ought 
to possoss, in order to transmit transverse vibrations with a velocity so 
much greater than the motions of the swiftest planets or comets, is an 
objection against the undulatory theory that has not yet been satisfac- 
torily answered. 

The discussion of the theories of light belongs to the higher departments of 
mathematics. 

406. Properties of light. — (a) Absorption. — Light falling upon any 
substance is either absorbed, dispersed, reflected, or refracted. A part 
of the light disappears and is said to be absorbed; as when light falls upon 
black substances. No substances absorb all the light, for the fact that 
the blackest substance is still visible, shows that its different parts emit 
some of the light which they receive. 
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(6) Dispersion . — Light falling upon opaque bodita, causes them to 
bocome luminous, or to emit light in all directions, and thus become 
visible. Such bodies are said to disperse light, because they scatter tho 
light in all directions from which they are visible. 

- Bodies owe the property of dispersing light to the innumerable little 
facets of the particles composing their rough surfaces. Only part of 
the light is thus irregularly reflected or dispersed, while much of it is 
probably absorbed or destroyed. 

( c ) Reflection. — When light falls upon polished surfaces, or on bodie» 
having naturally smooth and uniform surfaces, it is thrown off in a 
regular manner, as a ball rebounds from a hard floor. 

If a raj of light, S A, fig. 304, falls upon a polished surfiico, 11 C, it will be 
reflected in tho direction A It. If N A is druwn perpendicular to 11 (?, SAN 
will be the angle of incidence, and N A II will bo 304 

the angle of reflection, and the two angles will bo 

equal. The lines S A, N A, and A It, will lie in . 

the same plane; we have therefore the following 

1st. The incident ray , the perpendicular at the 
point of incidence, and the reflected ray, are alt nituntcd in tin mime plane. 

2d. 'The anyle of incidence ami the anyte •>/ rejfcc.tiun in e equal. 

(d) Refraction. — If a straight rod is placed obliquely, pnrtly in • 

mersed in water, it appears broken or bent just where it enters the 

water. If a coin, a, lig. iiOS, is placed in a 305 

cup, in such a position that it is just hidden 
from view, and water is then gently poured 
into the cup, the coin will appear to he lifted 
up and will become visible. 

Let c d be the surface of the water, the raj, a h, 
is so bent or refracted, at the surface of the water, 
that tho coin appears us if placed at a \ 

This bending of the rajs at the surface of any transparent medium is called 
refraction. 306 

Let C 15, fig. 306, be the surface of water in u vessel, 

S A a ray of light incident at A, and N A S' the per- 
pendicular, A K the reflected ray, and A T the direc- 
tion of the ray which enters the water and is re- 
fracted , then : — 

The angle ri A N is called the anyte of incidence of 
tbe ray S A. The angle N A K is called the angle of 
refection, which is in all eases equal to the angle of 
incidence. The line N AN', is called tho normal. 

The angle T A N' is called the angle »f refraction. 

If we take A a, fig. 307, equal to A h, and draw 
• «i and b n, each perpendicular to N A N\ then a m is the nine of the angle of 
te, and 6 n is the fine of tbe angle of refraction, and am divided by bn 

28 
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is invariably the same for any given medium, whether the angle of ineidenee Is 
increased or diminished. The quotient obtained by 
dividing am by b n, is called the index of refraction , 
and it is represented by n. The index of refraction 
varies for different media; thus for light passing from 
air into water, it is about $, for light passing from air 
Into glass, about }, and about g when light partes from 
air into diamond. These fractions inverted give the 
Index of refraction for light passing out of water, glass, 

And diamond, into air. 

When light passes from a rare to a denser 
medium, it is refracted towards the perpendicular 
or normal, and when it passes from a dense to a rarer medium, it it 
refracted from the perpendicular or normal. 

The genoral law of the refraction of light is thus stated. The inci- 
dent ray , the refracted ray , and the perpendicular to the refracting surface 
at the point of incidence, lie in the same plane ; and the sine of the angle 
of incidence bears a constant ratio , in the same medium , to the sine of the 
angle of refraction ; 


307 



am 



When a ray of ordinary daylight or sunlight is refracted by a dense trans- 
parent medium, the refracted light is not confined to a single line, but it Is 
spread out into a fan like form, as shown in fig. 308, 
between A r and A r, and the different parts of the 
refracted pencil show different colors, the most 
strongly refracted part being violet, and the least 
refracted part being red. The index of refraction, for 
a single color, is uniform for uuy given medium ; but 
the index of refraction iu the same medium varies for 
differently colored light. 

407. Amount of light reflected at differ- 
ent angles of incidence. — When light falls 
upon a transparent medium perpendicular to its surface, nearly all the 
light enters the medium, and only a small portion is reflected. As the 
light falls moro and more obliquely upon the medium, the amount of 
light refracted diminishes, and the amount reflected increases. 

If we look at the image of the sun iu water at midday, and again near sunset, 
we shall sec a remarkable difference. Near sunset the image is so brilliant, the 
•yoa can scarcely bear to look at it, while at midday we observe it without diffi- 
culty. The image of objects at a little distance are seen in water more distinctly 
than the images of near objects, because the light from distant objects falls more 
obliquely upon the water ami a greater amount is reflected. 

If we look very obliquely at a sboet of white paper, placed before a candle, an 
Image of the flame may be seen reflected from the surface of the paper, but the 
image disappears when the rays fall upon the paper nearer to the perpendicular 
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When light falls upon any polished metallic surface, the greatest 
amount of reflection takes place when the incident rays are perpen- 
dicular to the surface, and the amount of light reflected diminishes as 
the angle of incidence increases. 

Different substances, polished with equal care, differ in their power of reflect 
Ing light. The amount of light reflected depends also upon the nature of the 
medium in which the reflecting body is placed. Bodies immersed in water 
reflect less light than in air. 


Table thawing the number of ray* of light refected out of 100 ray* incident, by 
different kind * of yla*t and metal* need for optical purpose*.* 


r 

i Ancle of 
limoldenoe. 

Crown f leu, 

8p. freritj, 
*•541. 
n m> | 524. 
Spool Ho heel, 
OSS. 

Flmtc flea*, 
Bp grevltj, 
*■511. 
m « 1*517. 
Specific heel, 
0 3V. 

Flint slue, 
8p srevltj, 

S 

n«= 1570. 
Spool llo heel, 

0-43. 

GUm of 
Aullmouy. 

Speculum 

nietnl, 

Bp gravity. 

Spec IHi- heel. 
h 007. 

IVIliihrd aloel, 
Sp. grevltv, 

T H. 

Hp< clttc heel. 

0 HH. 

0° 

3-452 

3-380 

3 615 

8-20 

72 30 


10® 

3*608 

3-546 

3-819 

8-36 

70 85 

60-52 

20® 

3-837 

3-790 

4 117 

8-60 

69-43 


30® 

4189 

4-164 

4-574 

8-98 

68 11 

58 69 

40® 

4-767 

4778 

5-320 

9 59 

66-91 


50® 

5810 

5-882 

6 656 

10-68 

65 87 

54-96 

flO® 

7*964 

8 155 

9-:m 

12-93 

65-03 


70® 

13-448 

1 3*891 

16*015 

18 52 

64-41 


80® 

32-396 

33 155 

36-422 

36 65 

64 04 


85° 

56-202 

56-204 

57-559 

57 07 



90° 

75-776 

74 261 

72-074 

72-20 

63 91 

53-60 


408. Internal reflection. — When light passes through a transparent 
nedium, a portion of the light is reflect ml a I each surface. 


In fig. 309, S A is a ray of light incident upon the first, surface of a trans- 
parent medium. A portion is reflected in A R. A T is tho refracted my, and 
T V the emergent ray, but u portion of the light is re- 3Q$ 

fleeted at the second surface iu the direction T A', of 
which a part emerges in the direction A' It', a part ^ 


suffers a second reflection downward from A', a part , -&>- 

emerges from the second surface, and another portion / / \ 

suffers successive internal reflections before it. is either * " 
lost by absorption or finally emerges on one or the other 
side of the medium. In general only the rays A It, 

T V, and A' R', have sufficient intensity to be visible to the naked eye. 


409. Total reflection. — When light passes from a dense to a rarer 
medium, the angle of refraction is greater than the angle of incidence, 
and when the angle of refraction is 90°, the angle of incidence is much 
less. For water it is 48° 35', for ordinary glass it is 41° 49', cons# 


* From Potter’s Physical Optics. 
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quentfy a ray of light traversing water or glass at greater angles cannot 
escape into the air, but is totally reflected, obeying the ordinary law of 
reflection. The proportion of light suffering internal reflection from a 
surface of glass or water, constantly increases from the perpendicular 
»* the point where total reflection takes place. 

Since the angle of incidence for a dense medium is always greater than tha 
angle of refraction, when the angle of incidence is 90° the angle of refraction 
must be considerably less than 90°. If the angle of incidence is 90 its 6ine 
will be unity. The sine of the angle of refraction will be unity divided :y the 
1 

index of refraction, — — , bonce the angle of total internal reflection for any 
» 

1 310 

medium* is the angle whose sine = — . 

n 

Pig. 310 shown light radiating from a point below 
the surface of water and escaping into the air, the 
angle of emergence increasing much faster than the 
angle of incidence, until the light emerges parallel to 
the surface of the water, after which total reflection 
takes place. 

To an eye placed below the surface of the water, all 
objeets above the horizon would be seen within un angle of 97° 10', or double 
the angle of total reflection for water. 

410. Irregular reflection. —Diffused light. — The reflection from 
polished surfaces, which follows the two laws already announced, 
in called regular reflection; but only a part of the light is reflected 
regularly from any surface, when the reflecting hotly is more dense 
than the surrounding medium. A part of the light is scattered in 
all directions, and is said to he irregularly reflected or diffused . This 
is the portion of light which renders objects visible. Light regu- 
larly reflected gives an image of the object which emits the light, 
while light irregularly reflected gives only an image of the body 
which reflects it. When a mirror becomes dim by the accumulation of 
light dust, or anything which tarnishes its surface, the amount of 
regular reflection diminishes, and the irregular reflection increasing, 
all parts of the mirror become distinctly visible. 

411. Umbra and penumbra. — When an opaque object is helJ in a 

pencil of light proceeding from a luminous 3X1 

point, as s, tig. 311, a dark and well-defined 
shudvv is produced, which increases in site 
as it becomes more distant. The dark 

shadow is called an umbra. If the light proceeds from a lumin »us 
body having a sensible magnitude, as A, fig. 312, besides the dark 
shadow, or umbra, where no part of the luminous body is visible, 
there will he a much broader partial shadow, called tne pen urn ► 
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bra, where a part oi ly of the luminous body is visible. The breadth 
of the penumbra incr pases with the diameter of the light, and with the 





distance which the shadow ^ extends behind the* opaque object. The 
darkness of the penumbra gradually increases from the extreme border, 
which is too faint to be easily ttceni, to the umbra or full shadow, as is 
shown in a section of the shadow,) at fig. 3 Jo. 

412. Images produced by li\ght transmitted through small 
apertures.— If a white screen is placed near a small opening in a dark 
chamber, the rays of light which' puss 
through the opening will form on the screen 
inverted images of external objects. 

It will be Reen in fig. 314, that, the rays 
of light from the top and the bottom of the' 
object cross each other in the small opening, and tlu.<, invert the image. 
If the aperture is small, the image will bo formed in (lie r anir „ mnn0P 
whatever lie the form of the aperture. But if the opening is ii~ co t j ie 
image is indistinct, or entirely disappears. 

413. Intensity of light at different distances. — 'flic intensity 
of light at any distance from a luminous body, is in 
an inverse proportion to the square of the distance. 

Lot- O, fig. 315, bo a luminous point; nt 1 1, place n 
board one foot square ; it will cast a shadow that will cover 
a space two feet square at double the distance, three feet 
square at three times the distance, and four feet, square at 
four times the distance The areas will therefore be, 1, -t, 
it, 16, and the intensity of the light at the distances 1, 2, 

3, 4, will therefore be in the proportions of 1, J, 

If / and I' represent the intensity of a light at the 
distances /> and />\ we shall have * 

I I I I>’ 2 

1:1'= ; , or — = 

IP //- I' IP 



Hence the intensity of a light at different distances will be inversely m the 
squares of those distances. 

414. Photometers are instruments employed to measure the com- 
parative intensity of different lights. The principle on which they are 
constructed is, to so place the lights that they will illuminate a single 
surface, or two adjacent surfaces, with equal intensity. The relative 

28 * 
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intensities of the two lights are then as the sqaartt, 0 f their distances 
from the illuminated surfaces. m 

Bunsen's Photometer i* the simplest and mo84# conTen j ent photometer 
yet invented. A disk of paper four or five inches in dia# meter, is rendered trans- 
lucent by washing it with paraffine or stearins, dissolve i n oil of turpentine or 
naphtha, except a spot about an inch in diameter at ta tC centre. When this disk 
is held between two lights, at a point where their intejTnsity Is unequal, the trans- 
lucent part of the paper is easily distinguished the central part, J>ut when 

nuved to a point where the two lights have eqw* a l intensity, all parts of tho 
paper have a uniform appearance. No light appears to shine through, because 
the illumination is equal on both sides. By me^ rns 0 f a graduated bar, on which 
the lights and disk are mounted, the distance 0 f each light from the paper Is 
determined, and their respective intensities are calculated on the principles 
above mentioned 

This principle may be applied in many w ays to determine the intensities of 
lights; as, for instance, tho portion which , /is transmitted or reflected from dif- 
ferent substances. J 

Rum ford ’a Photometer. — Ruqfnford’s photometer is composed of 
two plates of ground glass, before^ which arc fixed two opaque rods, A 
and B, separated by a screen, Jkg. 316. The lights to be compared, as 
a lamp and a candle, m so placed opposite the rods that each 

y 316 



plate is illuminated by only one of the lights, and a shadow of the cor- 
responding rod falls upon each plate, as shown in the figure. If the 
iwo shadows, a and 6, are of unequal intensity, by moving one of the 
lights backward or forward a position is obtained where the shadows 
appear equally dark, and the glass plates are thus known to be equally 
Illuminated. The relative intensities of the lights are determined ae in 
the preceding case. 

8Uliman’e Photometer.— Silliman's photometer is the reverse of 
Rumford’s, comparing two discs of light thrown up by two equal trian- 
gular glass prisms, upon a disc of roughened glass in the body of a dark 
ehambor moving on a graduated bar. (Am. Jour. Sci. [2] XXU. 315.) 
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| 2. Catoptrics, or Reflection by Regular Surfaces. 

I. MIRRORS AtfD SPECULA. 

415. Mirrors ate solid bodies bounded by regular surfaces, highly 
polished, and capable of reflecting a considerable portion of the light 
which falls upon them. 

The term mirror is generally applied to reflectors made of glass and 
ooated with an amalgam of tin and quicksilver. 

416. Specula are metallic reflectors, having a highly polished 
surface. The best speculum metal consists of 32 parts of copper, and 15 
parte of the purest tin. Specula are also made both of silver and of steel. 

In the use of glass mirrors, a portion of light reflected from tho first surface, 
interferes with tho perfection of the image ; hence, where the most perfect instru- 
ments are required, metallic reflectors are employed. In treating of reflectors, 
we shall notice only the action of the principal reflecting surface, and use tbo 
term mirror to comprehend all regular reflectors. 

417. Forms of mirrors. — Mirrors arc cither plane or curved. Curved 
mirrors may be spherical, elliptical, or paraboloid. The properties of 
elliptical and paraboloid reflectors have boon mentioned in sections 324 
and 325. A concave spherical mirror is a portion of the surface of a 
sphere, reflecting from the internal side. A convex spherical mirror is 
a portion of the surface of u sphere, reflecting from the outside. Ourvod 
mirrors, whether concave or convex, may be regarded as made up of an 
infinite number of plane mirrors, each per- 
pendicular to & radius drawn through it from 
the centre of the mirror. 

Fig. 317 shows a plane mirror, M A N, a concave 
mirror, A n, and a convex mirror, »*' A o', having 
a common point, A, and the line, 1* A (\ perpen- 
dicular to each at the point A. If a ray of light, 

I A, is incident upon cither mirror at the point A, 
the reflected ray, A K, will make the same angle 
with the perpendicular ag in made by the incident 
ray. At any other points, as f or t the curved mirrors will act like little plans 
mirrors, perpendicular to the radii P t and Ci'. 
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II. REFLECTION AT PLANE SURFACES. 

418. Reflection by plane mirrors . — Parallel rays of light, falling 
upon a plane mirror, will he parallel after reflection. 

If parallel rays of light, A I), A' !>', fig. 318, full upon the plane mirror, M N, 
they will each make equal angle** with the perpendieu- 318 

lars, £ D, E' I)', and as the angle** of incidence arid -“s 
reflection will he equal, the reflected rays, I) II, I)' JJ', 
will make equal angles with the perpendiculars, and 
will consequently be parallel after reflection. 

If A l> represent the upper side of the beam of light before reflection, it will 


\ 
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become) after reflection in D B, the lower side of the beam. Hence a beam of 
parallel light .is inverted in one direction by reflection from a plane uarror. 

Diverging rags of light, falling upon a plane mirror* will continue to 
diverge after reflection, and will appear to emanate from a point as 
much behind the mirror as the luminous point is 319 

before it. 

Let A be a radiant point in front of the plane mirror 
M N, fig. 319. If the perpendiculars, E D, E' D', E" D", 
be drawn, the reflected rays will make the same angles 
with the perpendiculars as the incident rays, and hence 
the reflected rays will make the same angles with each 
other as they did boforu reflection, but they will appear to diverge from the 
point A', behind the mirror. 

Converging rags continue to converge after reflection from a plane 
mirror. After reflection they will converge towards a point as much in 
front of the mirror as the distance of the point behind the mirror, 
towards which they converged before reflection. 

This is easily s eon by tracing the rays of light backward in the preceding 
figure. 

Reflection from a plane mirror changes the direction of the rays of 
light, and removes the point of apparent convergence or divergence to 
tho opposite wide of the mirror. 

4H>. Images formed by plane mirrors. — Let M N be an object 
placed in front of the plane mirror, A B, fig. 320, and E the place of 
tho eye. From the great number of rays emitted in 320 

every direction from M N, and reflected from the 
mirror, a few only can enter the eye at E. These 
will be reflected from those portions, I) F, G II, of 
the mirror, so situated with respect to the eye and 
the points, M N, that the angles of incidence and 
reflection will be equal. If tho rays, l) E, F E, are 
continued backward, they will meet at m, and they 
will appear to the eye to radiate from that point. In 'ah 

the same manner the rays G E, 11 E, will appear to radiate front »; a 
virtual image of the object will therefore be formed between m and n. 

This is called a virtual image, because it is not formed of ruys of light 
actually coming from the position of tho image, but by rays so changed 
in their direction, that they appear to the eye as though originating 
from an object situated at in «, behind the mirror. 

If the eye is moved about, the image remains stationary, hence it is 
seen by moans of rays reflected from other parts of the mirror. Two 
or more persons may see the image at the same time and in the 
position, but by different rays of light. 
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The position of the image behind the mirror may be found by draw- 
ing lines from prominent points in the object, perpendicular to the 
mirror, extending them as fur behind the mirror as the points from 
which they are drawn are situated before it, then uniting the extremi- 
ties of the lines, the outlines of the image will be delineated. The 
images of all objects seen in a plane mirror have tho same form and 
distance from the mirror as the objects themselves 

420. Images multiplied by two surfaces oi a glass mirror.— 
Glass mirrors produce several images. This may be readily demon- 
strated by looking very obliquely at the linage of a candle in a glass 
mirror. The first image, caused by partial reflection from the first sur- 
face of the glass, is comparatively faint. The second 321 

image is formed by reflection from the quicksilver, 
which covers the second surface, and is very clear ami 
distinct. 

When rays of light from any object fall upon the firM 
surface of a plate of glass, M N, fig 321, n portion of the 
light being reflected, forms the first image, «. The prineipul 
part of the light penetrates the glass, and is reflected ul r, by 
the silvering which covers the hack of the mirror, and coming to the eye in the 
direction <111, produces the image, «', at a distance from the first image equal 
to about once and a third the thickness of the glass. This image is much 
brighter than the first, because the metallic coating of the mirror reflects a 
greater amount of light than the first surface of the glass. 

Other images, more and more obscure, arc* formed by rays which 
emerge from the glass after successive interior reflections from the two 
surfaces of the glass. An thin multiplicity of images diminiNliCN the 
distinctness of vision, metallic reflectors are often employed in optical 
instruments. 

421. Images formed by light reflected 
by two plane mirrors. — Let A B, fig. 322, 
be an object, and C !>, K F, two plane mir- 
rors, making an angle with each other loss 
than 180°. The light falling upon tho 
mirror C I) will form an image at ah , the 
position of which may be determined by 
the method explained at section 419. A 
portion of this light, after reflection, will 
fall upon the mirror £ F, and he reflected 
as if coining from an image a' which will be seen by the eye at « 

To trace the course of the rays which enter tho eye from any point., Q, in ifii 
object A B ; let q be tho corresponding point in a b, and a similar point In 
*' V the light will enter the oye as if it came from therefore draw the linos 
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q**, and they will ehow the final coarse of the pencil by which the point Q is 
seen. From the points where these lines meet the mirror, E F, draw lines to q, 
and they will represent the course after reflection by C D ; from the points where 
these lines meet the mirror G 1), draw lines to the point Q, and they will show 
the course of the rays which, after reflection by each of the mirrors C D, E F, 
form the pencil by which the eye at t sees the point q* in the secondary imago 
a ' 

The inversion of parts by the two mirrors are now seen to correct each other, 
and all the parts of the imago, a' b’ f have the same relation to each other as in 
the object A B. The peculiar excellence of Wollaston's Camera lucida (518) 
depends upon the fact that by means of two reflections ail parts of the image 
preserve their natural relations. * 



422. Multiplicity of images seen by means of inclined mir- 
rors. — When un object is placed between two mirrors, which make 
with each other an angle of 90° or less, several 323 

images are produced, varying in numbers accord- 
ing to the inclination of the mirrors. If they are , 
placed perpendicular to each other, three images 
will.be seen, situated as in fig. 323. j 

The rays 0 G and 0 D, from the point 0, form, after a 
single reflection, one the imago O', the other, the image 
0"; and the ray O A, which undergoes two reflections at 
A and B, gives a third image. O'". When the inclination 
of the mirrors is 00°, five images are formed ; and when* 

they are placed at. an angle of i. r >°, seven images are produced. The number 
of images continues to increase as the inelinalion of the mirrors diminishes, and 
when the mirrors become parallel, the number of images is theoretically infinite, 
but as some of the fight is lost at every reflection, and the successive images 
appear more ami more distant, only a moderate number of images arc visible. 

423. Deviation of light reflected by two mirrors. — When a ray 
of light reflected by a mirror is nguiu reflected by a second mirror, in 
a plane perpendicular to the intersection of the two 324 

mirrors, the deviation of the ray from its original 
direction is equal to twice the angle formed by 
the two mirrors. 

Let two mirrors, A and B, fig. 321. be inclined to 
sach other, ho that their directions shall meet at some 
point, G, forming an angle A 0 B — a. Let the ray 
of light, S A. he reflected by the first mirror in the 
line A B, and falling upon the second mirror he again 
reflected in the direction 11 1 >, meeting the original direc- 
tion iS A I> in I). Let the angle of deviation A D 11 = d. 

Draw XA 11 perpendicular to the mirror A, and B >< per- 
pendicular to the mirror B. The angle between these 
perpendiculars will be equal to the angle formed by the inclinations of 1 
m'xrors, or A « B = A C B = a. 




6»*io& tor 

W SARmNABoi^ Mid then amot NAB vABn-f A*t 

we have.— 

» **»' + • aai—i'} 

also BAD-j- ABD-f ADBa 180°, 
or 2(90° — ») + 2i' + d«180° rf « 2(t — ♦')«* 2« j 

Or the deviation of any ray after two reflections is equal to twioe the angle he* 
tween the mirrors. 

424. Kaleidoscope. — This beautiful toy depends upon the multi- 
plication of images by inclined mirrors. Two mirrors, inclined at 
angles of 30°, 45°, or 60°, are placed in a paper tube, one end of which 
u closed by plain and the other by ground glass. Various objects, as 
fragments of colored glass, tinsel, twisted glass, &c., are placed in a 
narrow cell, at the end of the tube, closed with ground glass, just room 
enough being left to allow the objects to tumble around as the tube is 
moved. On looking through this instrument towards the light, multi- 
plied images of every object are seen, beyond all description splendid 
and beautiful ; an endless variety of symmetrical combinations appear- 
ing to the view as the instrument is moved, but never recurring with 
the same form and color. 

Let A C and B C, fig. 325, be the two mirrors of the kaleidoscope, and lot tbs 
dotted circle, described about C os n centre, represent the tube in which they 
are placed ; let Q be tho position of an object 
within tho angle formed by the mirrors. If Q is 
in the circumference of the circle described about 
C, the two series of images of Q will bo formed in 
the circumference of the same circle, y, y a y, y 4 be- 
ing formed by the mirror A C, and y' y" y'" y"" 
being formed by the mirror B C. Since y, is in a 
line perpendicular to A C, and at the sumo dis- 
tance from A C behind it as Q is before it, that 
perpendicular is tho chord of the arc Q y |t and y, 
is in the circumference of the circle drawn about 
C as a centre. For the same reason y' is also in 
the same circumference ; so also y" being the image 
of y,, is as far behind B C as y, is before it, and as the line joining y, and y" is 
perpendicular to B C, it must be the chord of the circle, and hence y" is in tho 
circumference. In the same manner it may be shown that every image, formed 
by repeated reflections from A B and B C, is also in the circumference of the 
circle described about C. When we arrive at any image, y 4 or y"", falling, an 
in the figure, between the directions of the mirrors produced, such an imago 
being situated at the back of both the mirrors must be tho last of its sorios, as 
no light from such an imago can fall upon either mirror. 

According to { 423, the distance between any two image*, formed by 
an even number of reflections, will be equal to twice the angle between 
the mirrors. It is evident that image* formed by an odd number of 
reflections will be situated between each two of the former series; 
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hence the entire number of images seen in the kaleidoscope, including 
the object itself, will be equal to 3G0° divided by the angle contuined 
between the mirrors. If the inclination of the mirrors is 60°, the num- 
ber of images, including the object, will be six ; if the inclination is 45°, 
the number Mill be eight ; and for 30° every object will appear as 
twelve. If the inclination of the mirrors is small, the images formed 
by many successive reflections become too faint to be distinctly seen. 

425. Hadley’s sextant is an instrument depending on reflection 
from two mirrors, and used chiefly by seamen for measuring the alti- 
tudes and angular distances of the heavenly bodies. 

Two mirrors, a and b, fig. 326, are so mounted that the angle of inclinatios 
can be varied at pleasure. The mirror a is attached to a movable arm, a 0, 
vhieh turns about the centre of the graduated 
arc A B. This arm carries at C a vernier by 
which minute divisions of the graduated arc 
are uasily distinguished. The mirror b is 
firmly attached to the frame of the instru- 
ment, and the outer portion has the silvering 
removed, so that an eye placed at r sees the 
distant horizon, or any other object to which 
it is directed, in its true position. The 
mirror « is turned with the index arm n C, 
until any other object, as the sun, moou, or a 
star, whose light is twice reflected in the 
directions S a b r, nppears to coincide in 
dirootion with the horizon or other object, II, 
soen by direct light, from which its angular 
distance is to he measured. The telescope at 
t is used to facilitate accurate observation. 

The divisions of the graduated arc and vernier arc also read by the aid of a 
magnifying lens, not shown in the figure. The deviation of the ray S «, after 
being twice reflected, is, by $ 423, twice tho angle contained between the 
mirrors, or twice tho degrees contained between A C; half degrees on tho 
•calo are therefore marked as whole degrees. The reading by tho veruior gives 
the altitude or augular distance of tho observed object. 

III. REFLECTION AT CURVED SURFACES. 

42G. Concave and convex spherical mirrors. — If an arc of a 
circle, M N, fig. 327, is made to revolve around a line, ACL, drawn 
through its centre of figure A, and 827 

its centre of curvature C, it will 
generate a curved surface, which ^ 
trill be a segment of the surface of 
a sphere. Internally, such a polished H 
surface is called a concave mirror, 
and externally a convex mirror. The line, A C, is called the principal 
axis oi the mirror, and any other line drawn through £he centre of 
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turr&fore, 0, is called a secondary axis. The angle M 0 N is called 
the angular aperture of the mirror. A section made by a ptane pass- 
ing through the principal axis, A C, is called the principal section, or 
a meridional section. 

. The theory of reflection from curved mirrors is easily deduced from the lavs 
ef reflection by plane mirrors. Every point in the ourved mirror may be 
regarded as a point in a piano mirror so situated that its perpendicular, where 
the ray of light falls upon it, coincides with the radius of the curvod mirror at 
that point. 

A line drawn from any point in a spherical mirror to the centre of 
curvature, will be perpendicular to the mirror at that point, and alsc 
perpendicular to any plane mirror touching the curved mirror at that 
point. 

427. Foci of concave mirrors for parallel rays. — The focus of 
a concave mirror is the point towards which the reflected rays con- 
verge. 

(a) Parallel rays falling near the axis of a concave mirror, fig. 327, 
converge, after reflection, to a point equidistant between the mirror 
and the centre of the sphere, of which the mirror forms a part. This 
point is called the principal focus. 

Rays of light emanating from the principal focus of a concave mirror, 
will be reflected parallel to each other. 

Dcmonntrati on.— The lines C M, C B, C D, fig. .V27, drawn from the centre of 
curvature of the mirror, M N, are perpendicular to the mirror at those points. 
The pnrallel rays, II B, (1 1), will converge, after reflection, to the point F. It 
is evident that the angle of reflection, (’ I) F, for any ray, will ho equal to the 
angle of incidence, (I I) (■; hut (j I> C is equnl to 1) (’ F, which is the alternate 
angle formed hy a line I) C, meeting two parallel lines, (1 1), L A ; hence in the 
triungle, C F I>, the angles, F C and F 1) (\ are equal, and therefore the sides, 

C F and F I>. arc equal If the point, 1), gradually approaches the point, A, 

C F -f FI) will differ less and less from C A, until their sum will he sensibly equal 
to C A, and F A will he sensibly equal to one half of C A ; or the focus of parallel 
rays, after reflection from a concave mirror, will he equal to one-half the radius 
of curvature. If the point of incidence, I), recedes from A towards M, or N, tbs 
point. F, will gradually approach A, or the focal distance will diminish. A 
concave spherical mirror will therefore reflect parallel rays to a single focal 
point only when the diameter of the mirror is small. Practically it is found that 
the diameter of the mirror, or the angular aperture, M C N, should not exceed I 
or 10 degrees. 

428. Foci of diverging rays. — If raya of light fulling upon a con- 
cave mirror diverge from a point beyond the centre of curvature, they 
will converge, after reflection, to a point between the principal focus 
and the centre of curvature. This point of convergence is called the 
eoiyugate focus, because the distance ol the radiant point and the focus 
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to which the rays converge, after reflection, have a mutual relation to 
each other. 828 



Let rays diverging from a point, L, 
ftg. 826, fall upon a concave mirror, the 'fj- 
angle of incidence, L K C, will be smaller 
than S K C, which is the angle of incidence 
for parallel rays falling upon the mirror at 
the same point. The angle of reflection, 

C K /, will also be smaller than CKP; hence the ray, L K, will be so reflected 
as to cross the principal axis at a point, l, between F, the principal focus, and 
C, the centre of curvature of the mirror. 

The relation between the radiant point and point of convergence is easily 
determined. In the triangle L K / the radius K C bisects the angle LEI, hence 
by a well known principle of geometry 


OL:fC = LK:fK 


CL 1C 
LK** IK 


When the Incident pencil is very small, L K = 
nearly, hence we have, 


CL 1C 

— = -nearly. 


L A, and l K 


l A, verv 


Let LA *= «, l A css t>, C A = radius of the mirroi = r, and AFs the 
principal focal length = /. Then / = -, and by substituting these values, the 
above equation becomes 


— css — ... » Dividing by r we have - 




I 1 11 

a 


*/ ur 
e — / 2a — r 

From this formula we may deduce the value of r, or the focus of reflected 
rays, whatever may be the point of divergence of the incident rays. 

If the luminous point is removed to /, the reflected rays will meet at 
L. If the luminous point is placed at the centre of curvature, C, all 
the rays will fall perpendicularly upon the mirror, and be reflected Lack 
to the pciut C, from whence they came. 

If the luminous point is situated between the centre of curvature aud 
the principal focus, the conjugate focus will be removed beyond the 
centre of curvature, and become more and more distant as the luminoue 
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point approaches the principal focus. When the luminous point arrives 
at the principal focus, the conjugate focus will be removed to an infinite 
distance, or, in other words, the reflected rays will become parallel. 
While the radiant point has removed from C to F, the conjugate focus 
has removed from C, to an infinite distance. 

429. Converging rays. — Virtual focus. — If the radiant point 
passes from the principal focus, F, towards the mirror, as in fig. 329, 
it is evident that the reflected rays will diverge, as 
though emanating from a point/, behind the mirror, 
called the virtual focus . 

When the radiant point is near the principal 
focus between it and the mirror, the virtual focus 
of th. divergent reflected rays will be at a very 
great distance. As the radiant point continues to approach the mirror, 
the virtual focus also approaches it. While the radiant point passes 
from the principal focus to the mirror, the conjugate virtual focus, or 
point from which the reflected rays appear to diverge, pusses from an 
infinite distance behind the mirror, to the surface of the mirror, or to 
the radiant point itself. 

These propositions may be easily proved by giving to u appropriate 
values in the formula. 

430. Secondary axes. — Oblique pencils. — If the luminous point, 

L, fig. 330, is not situated in the principal axis of the mirror,, a line 
drawn from the radiant point through the ertntro 830 

of curvature, as LC B, will constitute a second- 
ary axis , and the focus of the oblique pencil of 
rays diverging from L, will he found in this 
secondary axis. In the same manner we may 
draw secondary axes, and determine tho foci, 
whether real or virtual, for any number of points in a luminous object. 

431. Rule for conjugate foci of conoave mirrors. — Multiply the 
distance of the radiant point from the mirror , by the radius of curvature, 
and divide this product by twice the distance, of the radiant point, minus 
the radius of curvature of the mirror, and the quotient will be the distance 
of the conjugate focus from the mirror. 

If the quotient given by this rule is negative, or if twice tho distance of tbs 
radiant point is less than the radius of curvature, tho conjugate focus will hi s 
virtual focus behind the mirror, and the reflected rays will diverge. 

432. Convex spherical mirrors. — The effects attending the reflec- 
tion of diverging, converging, or parallel rays of light by convex 
reflectors, are, in general, the opposite of the effects produced by con- 
cave reflectors. The foci of parallel and diverging rays of light, 
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reflected by a convex reflector, are at the sanu distance as for concave 
mirrors, but they are situated behind the reflector, and are, hence, only 
virtual foci. Light converging towards any point behind a convex 
mirror, more distunt than the centre of curvature, will diverge, after 
leflection, from a virtual focus between the centre of curvature and the 
principal focus. Kays converging toward the principal, virtual focus, 
will be reflected parallel ; but rays converging towards a point nearer 
tc the mirror than the principal focus, will be reflected to areal focus 
in front of the convex reflector. 831 


Thase phenomena will be readi- 
ly understood by an examina- 
tion of fig. 331. The ray S I is 
reflected in the direction F I M ; 
LE is reflected in the direc- 
tion Z EG, and reciprocally, 



G E is reflected in the direction E L, and M I in the direction I S. 


The formula for the convex mirror may bo determined in the same manner m 
for the concave mirror, or we may deduce it at once from the formula for the 
concave mirror. Since the focus of parallol rays is behind the convex mirror, 
if we call the valuo of / for the concave mirror positive, it must be negative for 
tho convex mirror. If therefore we insert — / instead of / in the formula for 
the concave mirror, it will become for the eonvox mirror: — 



from which it appoars that the value of r must also be negative when tt is posh 
tive, that is, u and v are on opposite sides of the mirror. Now by putting — a 
instead of v in tho above formula, it will represent the absolute value of tha 
foous of reflected rays reckoned on the back side of the convex mirror, and we 
111 /« 

have for the convex mirror, - = - -f* “* 9 = • 

9 / * /+« 


433. Images formed by eon cave minora. — The principles already 
explained enable us to understand the formation of images by concave 
mirrors. Let A B, fig. 332, represent an object placed before a concave 
mirror, beyond its centre of 33 J 


curvature. The lines, A C 
and B 0, drawn through the — 
centre of curvature from the \* ~ 
extremities of the object, are 
the secondary axes in which 



the extremities of tl e image, a 6, will be formed, at a distance from Hit 


mirror equal to* the onjugate foci for the extreme points of the object. 
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fbis image is real, inverted, smaller than the object, and placed between 
the centre of curvature and the principal focus. 

If a b is regarded as the object, placed between the centre of curva< 
tare and the principal focus, an enlarged image will be formed at A R, 
If the object is placed at the principal focus, no image will be formed, 
because the rays from each point of the object will be reflected parallel 
to an axis drawn through the centre of 333 

curvature from the points where they 
originate. 

If the object, A B, is placed entirely on 
one side of the principal axis, as in fig. 

333, it is evident that its image, a 6 , will be formed on the opposite side 
of the principal axis. 

434. Virtual images. — If the object, A B, fig. 334, is placed between 

the mirror and the principal focus, tho incident rays, A 1), A K, take, 
after reflection, the directions, D I, K II, and 334 

their prolongations backward, form at a, a 
virtual image of the point A. In the same 
manner the image of B is formed at b , so T 
that the image of A B is seen at a b . The 1 
image, in this case, is a virtual image, erect, - 
and larger than the object. 

From the preceding illustrations, it is evident, that, when an object 
is placed before a concave mirror, more distant than the centre of 
curvature, the image is real, but inverted, and smaller tlmn the object; 
as the object approaches the centre of curvature, the image enlarges 
and becomes equal to the object and coincides with it ; when the object 
approaches nearer to the mirror than the centre of curvature, the image 
becomes larger than the object, and more distant from the mirror. 
When the objoct arrives at the principal focus, the image becomes 
infinitely distant, and disappears entirely: when the object approaches 
nearer to the mirror than the principal focus, an erect virtual image, 
larger than the object, appears behind the mirror. 

435. Formation of images by convex mirrors.— Let A B, fig. 

335. be an object placed before a convex 835 

mirror, at any distance whatever. If we 
draw the secondary axes, AC, B C, it fol- 
lows, from what has been said (433) concern- 
ing the construction of foci of convex mirrors, 
that all the rays emitted from the point A, diverge after reflection, ano 
that their prolongations backward converge to a paint, a, which is a 
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virtual image of tho point A. In the same manner, rays emitted from 
the point B, i >rm a virtual image of that point in 6. 

Whatever may be the position of an object before a convex mirror, 
the image is always formed behind the mirror, erect and smaller than 
the object. 

436. General rale for constructing images formed by mirrors. 

—To construct the image of a point; 1. Draw a secondary axis from 
that point; 2. Take from the given point any incident ray whatever; 
join the point of incidence and (he centre of curvature of the mirror by a 
right line; this will be the perpendicular at that point, and will show the 
angle of incidence; 3. Draw from the point of incidence, on the other 
side of the perpendicular, a right line, which shall make with it an angle 
equal to the angle of incidence. This lust line represents the reflected ray , 
which , being prolonged until it crosses the secondary axis, determines the 
place where the image of the given point is formed. 4. Determine the 
position tf any other point in the object in the same manner . 

437. Spherical aberration of mirrors. — Caustics. — The rays 
from any point of an object, placed before a spherical mirror, concave 
or convex, do not converge sensibly to a single point, unless the aperture 

* of the mirror is limited to 8° or 10°. If the aperture of the mirror is 
lurger than this, the rays reflected from the borders of the mirror meet 
the axis nearer to tho mirror than those which are reflected from 
portions of the mirror very near to the centre. 

There results, therefore, a wunt of clearness or dis- 
tiuctness in the image, which is designated spherical 
aberration by reflection. 

The reflected rays cross each other successively, 
two and two, and their points of intersection form in I 
space a brilliant surface, called a caustic by rcflec-H^^^^^^^^H 
tion, curving towards the axis, us shown in fig. 336, 
where C is tho centre of curvature, F the principal focus, and d the 
centre of figure. 


{ 3. Dioptrics, or Refraction at Regular Surfaces 

I. DEFINITIONS. 


438. Prisms and lenses, are bodies 
sections of whiuh an? shown in fig. 


having certain regular forms, 
837 


337. 

A prism is a solid having three 
or more plane faces variously in- 




clined to each other as shown at A, fig. 337. The angle forinod by 
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the faoaa, A R, A S, is the refracting angle of the prism. For some 
purposes prisms are used haring more than three plane facts. 

A lent is a portion of some transparent substance, os glass or crystal, 
of which the surfaces are generally either both spherical, or one plane 
and the other spherical. The axis of a lens is the line joining the 
centres of the spherical surfaces when both are curved, and the line 
perpendicular to the plane surface which passes through the oentre of 
the other surface when one side is plane. When the surfaces of louses 
are o f different kinds, they are named in reference to the side on which 
the 1 ght first falls. 

If the figures C, D, E, F, G, II, I, were revolved around the axis, 
M N, they would severally describe the solid lenses they are intended 
to represent. 

In explaining the properties of lenses, and showing the progress of 
light through them, we make use of such sections as are shown in the 
figure, for every plane passing through the axis has the same form, and 
what is true of one section is true of all. 

A plane glass, B, is a plate of glass having two plane surfaces, a b , 
cd , parallel to eueh other. 

A sphere, shown in section at C, has all parts of its surface equally 
distant from a certain point within, called the centre. 

A double convex lens , 1>, is a solid bounded by two convex surfaces, 
which arc generally spherical. 

A plano-convex lens, E, has its first surface plane, and the other 
convex. 

A double concave lens , F, has two concave surfaces opposite to each 
other. 

A plano-concave lens , G, has its first surface plane, and the other 
concave. 

A meniscus, shown at II, has one surface convex, and the other con- 
cave, their curvatures being such that the two surfaces meet, if con- 
tinued. As this lens is thicker in the centre than at its edges, it may 
be regarded us a cor) vex lens. 

A concavo-convex lens, shown at I, has its first surface concave, and 
the other convex, but the curvatures are such that the surfaces, if con- 
tiuued, would never meet. As therefore the concavity exceeds the 
convexity, it may be regarded as a concave lens. 

II. EXTRACTION AT PLANE SURFACES. 

439. Refraction by prisms.— If a ray of light, In, fig. 338, falls 
obliquely upon a transparent medium, whose opposite plane faces are 
not parallel the ray will be refracted at the first surface, and take 
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ft direction nearer to the perpendicular. Now if the position of the 
incident ray, and the inclination of the faces of the medium, are as 
shown in the figure, it is obvious that the emergent 338 

ray, n' V , will be turned still further from its original 
direction. It is evident that any other position of the 
second refracting surface would cause a correspond- 
ing alteration in the direction of the emergent ray. 

Lot abc , fig. 330, be a section of a triangular prism, / a a 
lay of light incident at n, 0 » # the perpendicular at that 
point, n n* will bo the course of the ray of light through the 
prism, and n' /' the emergent ruy. 

If the prism is more dense than the surrounding medium, the light will enter 
the prism, whatever may be the angle of incidence, but if the angle of incidence. 
In 0, diminishes, then tho ray, n n', will fall more obliquely upon the second sur- 
face of the prism, until it may arrive 339 340 



at an inclination where it will suf- 
fer total internal reflection.' 

If tho incident rny, l n, fig. 340, 
falls upon the prism at such au 
angle, that, after refraction, it takes 
the direction, u n*, parallel to a c, 




the baso of the prism, the angles ut which it enters and leaves the prism will bo 


equal, and tbo deviation of the emergent ray from the course of the incident 


ray, will be the least possible. The ray, l* »i, will emerge iu the direction w 


and l n n will emerge in the direction « y", each deviating more from the direc- 
tion of tho incident ray than n' p deviates. 


If a candle is viewed through a triangular prism, on slowly turning 
the prism about its axis, a certain position will be found where the 
apparent position of the candle differs least from its real position. In 
whichever direction the prism is now turned, the difference between the 
real and apparent position of the candle increases. 

440. Method of determining the index of refraction. — Let 
inn’ p, fig. 341, be the direction of the rny of light when the deviation caused 
by tho prism is a minimum. Draw A b parallel to the 341 

Incident ray, In, and rbo parallel to the emergent ray, 
w 9 p. Lot D =-- A b r, the entire deviation caused by the 
prism ; d A b n, the complement of the angle of inci- 
dence; g «== abc, the refracting angle of the prism; 
q mm u f b o *** c »» # the complement of the angle of emer- 
gence. In this ease the angles of incidence and emer- 
gence nro equal, hence d ==* q ==» 90 ° — %, i being the 
angle of incidence, I) «■ 180° — d — g — q ; substituting in this equation tbe 
values of d and q , we have D =» 2 * — g, and » =* | (D -f g). Let ar and 3 , os 
ln fig. 339, represent the ungles formed with the perpendiculars by the ray 
traversing the prism, «r -f y g, and when the angles of incidence and eiuor- 
fence are equal, x y. If n equals the index of refraction, we shall have:-- 



siu. 1 

» — , 

am % 


sin. HDjfy) 
ain. 4 g 


or, n 
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How when the angle of minimum deviation and the refracting angle of tho 
prism are measured, this formula enables us at onee to determiuo the index of 
infraction. In this manner the index of refraction of any substance is easily 
determined. 

441. Plane glass. — A ray of light passing through a piano glass, or 
any other medium of uniform density bounded by parallel faotts, will 
have the emergent ray parallel to the incident ray. Parallel rays of 
light passing through piano glass are parallel after emergence, and the 
emergent rays are parallel to the incident rays. 

If the two surfaces of the transparent medium are parallel, it is evident that 
the ray of light traversing the medium will make equal angles with the perpen- 
dicular at both surfaces. Let / be the angle of incidence, R tho angle of refrac- 
tion at the first surface, and also tho internal angle of incidence on the second 
surface, and E the angle of emergence. Then, if n represents the index of 
refraction, we shall have 

bin. /«— n sin. R — Bin. E 

Or the angles of incidence and emergence are equal, and tho incident ray is 
parallel to the emergent ray. The same is true for any number of rays ; henco 
also parallel incident rays will, after passing through the gluts, emerge parallel. 

Let M N, fig. 342, bo a plane glass, or any medium 3,12 

bounded by parallel surfaces, the rays A I), A' 11', will he 
refracted towards the perpendicular, on entoring the medium, 
and emerging at C, C,' they will bo refracted from the per- 
pendicular, and take the directions, U D, C' 1)', parallel to 
each other, and parallel to their directions before entering 
the medium. The displacement, A «, A' a', is the lateral 
aberration produced by transmission through a homogeneous medium bounded 
by parallel surfaces. The amount of lateral aberration increases with the thick- 
ness of the medium, and it also increases with the obliquity of the incident rays. 

442. Light passing through parallel strata of different media. 

— It is found by experiment that if a ray of light pusses through a 
series of plates of dense media, all the refracting surfaces being parallel 
planes, that the emergent ray is parallel to 
the incident ray. It therefore follows, that 
the direction of the ray in passing through 
any one of the plates is parallel to the course 
it would have taken if it had entered the 
plate directly, or if that plate had been the 
first in the series. 

Let P A B C Q, fig. 343, be the course of a ray 
of light passing through two parallel strata of 
dense media, the second medium being more dense 
than the first, and P' D E Q' the course of a ray passing through the seoond 
Medium without entering the first j if P A is parallel to P' I), C Q will be parallel 
to IQf, and also B C will be parallel to D £. We may consider the raj of 


343 
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light as pasting in the opposite direction, and make »" the index of refraction 
for the medium traversed by the ray C B, then sin. Q C />' == n" sin. B C p, 
hence the angle B C j> depends only on the direction of the emergent ray C Q, 
parallel to the incident ray PA, and upon the index of refraction, n ", of the 
lower mod in in. Let m A m', n B n',pCp', be perpendicular to the refracting 
surfaces at A, B, and C, and let n be the absolute index of refraction for the 
first me Hum, «" that of the second medium, and h' the index of refraction for 
light passing from the first medium to the second: — 

sin. PAm „ sin. QC p r 

siu. BAm' ’ sin. BCp * 

sin. BA in' sin. BAm' sin. QC »' «" 

— B 

sin. BC/> sin. PAm sin. BCjo «* 

Ilencc: The index of refraction for light passing from one medium to 
another , is equal to the index of refraction of the second medium divided 
by the index of refraction of the first medium. 

4-43. Pencils of light refracted at plane surfaces. — When a 
.pencil of light fulls upon a plane surface of any dense medium, it is so 
changed by refraction that a diverging pencil is made to diverge from 
a focus without the medium more distant from the dense medium than 
before it entered it; and a converging pencil is made to converge to a 
focus within the dense medium more distant from its surface than before. 

Let Q, fig. 344, be the focus of incident 344 

rays, and Q A B the ray which enters the 
medium perpendicularly to its surface, suffer- 
ing no deviation. Let Q P he any oblique 
ray meeting the surface at P ; let N P N' bo 
drawn perpendicular to the refracting surface 
at P, it will also be parallel to Q A B ; let 
P 11 bo the refracted ray which being extended 
backward meets the line A Q ut »/’. The angle of incidence QPN =■ PQA, and 
tho angle of refraction RPN' = IV A. 

siu. QPN sin. PQA 

Also tho index of refraction, n — — . -= . 

sin. Rl’V sin. P<j'A 

PA PA Po' 

Sin. PQA = — ; sin. P?'A 

PQ IV PQ 

1. tho pencil is very small, PQ = AQ, and P 9 ' = A 9 ' nearly, bonce 
A q' = n.AQ. If we let AQ = «, and Aq* = w', then u' = n«, which determines 
»ho point 9 ', from which the pencil diverges after refraction. 

When the pencil is large, and P is so far from A that we cannot cansidai 
QP ta« QA, lot t — the angle of incidence, •' *= angle of refraction 

We have QP «= 9 'P = ; 

cos. t cos. *' 

cos. »' 

And sinoe o'P ass a.QP «*' * w. 

* AAA £ 



Then, n 

sin. ABn 

f|* ■ ■ ■ rr 

sin. CB«' 
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Bins* the cosine of «' is greater than cosine of «, this last value of » is g:e ater 
than mn, the first value ; this shows that a pencil of light suffers aberration 
when refracted at a plane surface. The formula also shows that a' is greater 
than m, or that the focus of the pencil after refraction is more distant than the 
focus of the incident rajs. If the pencil of 
inc dent rajs converges to a point, Q, within 
tho dense medium, as in fig. 315, the pencil of | 
the refracted rays will converge to point q \ 

Solving the triangle Q P q\ we should find the | 
same result as before ; or A q' = n.AQ. 

Therefore: When a pencil of light is | 
refracted at a plane surface , the focus of 
the refracted rays is on the same side of the refracting surface as the 
focus of incident rays t and at a distance equal to the distance of the 
focus of incident rays multiplied by the index of refraction. 

If the rays lmd been proceeding from the dense medium to a rarer 
medium, as from q / , flg. 345, or towards q / t fig. 344, then the focus of 
refracted rays would be at Q, or nearer to the refracting surface than 
the focus of incident rays. 

If the rays proceed from a dense to a rarer medium, and if n still 
represent the index of refraction for light entering the dense medium, 
the index of refraction for light passing from the dense to tho rare 

medium will be »»' = 

n 

The index of refraction for light passing from air into water is n « }, 
and hence n' = - = J, for light passing from water into air. 

If therefore u represents the actual distance of an object below the 
surface of water, and w' its apparent distance, u' = n'.w = |u, that is, 
the apparent distance below the surface of the water is only throe-fourthe 
of the real distance ; or water is a third deeper than it appears to be. 
As every point in an object appears elevated One-fourth as much os its 
distance below the surface of the water, a pole or cane thrust obliquely 
into the water appears bent, or broken (400), just at the (surface of the 
water. 

It follows also, from the preceding considerations, that an object im* 
mersed in water, or any other transparent dense fluid, appears larger 
than when seen in the air. 

As the atmosphere diminishes in density very rapidly above the 
earth's surface, a man upon the top of a steeple or tower looks much 
smaller than when seen at an equal distance on level ground ; and aa 
object at the foot of the tower, will, for the same reason, appear larger 
when viewed from the top than if placed at the top of the tower and 
viewed from below. 


346 
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444 Pencils of light transmitted through plane glass hen 

S pencil of light is transmitted through a plane glass, the focus of the 
emergent rays is removed from the focus of the incident rays, i k the 
direction that the light is moving, a distance equal to the quotient 
arising from dividing the thickness of the glass by the index of refrao» 
tion, and multiplying the quotient by the 346 

index of refraction diminished by unity. 

Let a pencil of light fall upon a plane 
glass, fig. 346, so that Q A shall be perpen- 
dicular to the surface of tho glass, and Q P 
an oblique ray, Q A will be transmitted in the 
line Q A B without deviation, and Q P will 
bo refracted in the direction 9' P K, and 
emerge in the direction 9 11, 7 being the focus 
of tho emergent rays. Let Q A *=» «, 7' A «* w' B 7 — r, and A B — t. 

By the formula already demonstrated (443), if the pencil is small u' mm im; 
and if the pencil had entered the other side of the plate, converging to 7, we should 
have, 

Bq* mm n.Bj ; or, t -f- W mm nv =» t -f- «u, 

I 

Henoe v *■ u -f- by whioh tho position of 9 is determined. The displacement 



Or tho rays diverge, after emerging from the glass, from a point nearer to the 
glass than the focus of the incident rays. 

If we suppose the rays to proceed in tho opposite direction, wc shall have tho 
ease of a converging pencil, ami the focus of the rays after emergence will ho 
more distant from the first surface of the glass than before. In h«»th case** tho 
focus of the rays is removed in the same direction that the light is proceeding. 
If wo take the case of plate glass, for which n — }, the distance to which tho 
focus is removed is equal to | the thickness of the glass. 

III. REFRACTION AT CURVED SURFACES. 

445. Principles determining the foci of lenses. — A double 
convex lens may be regarded os composed of a number of segments of 
prisms, the faces of each 347 

prism more inclined as 
wo proceed from the 
oentre to the borders of 
the lens, as shown in fig. 

347. The central por- 
tion, abed , may be re- 
garded as a plane glass, having its faces, at, b d, parallel, a gj'b has 
Its ISsee, 1 g t inclined towards f 6, and the triangular prism, g k/ t hat 
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its sides still moie inclined. Now since the deviation of any ray pass- 
ing through a prism increases as the inclination of the two faces of the 
prism increases, si will deviate more than si, and if the form of each 
prism is properly adjusted to its distance from the axis, M N, the rays, 
si and si, cr any number of rays, may be made to meet at a common 
point, R, in the axis M N. 

If the segments of prisms, of which we suppose such a lens to be 
eomposed, are made sufficiently small, so that each face shall receive 
but a single ray of light, the sides of the successive prisms will form a 
regular curve, which, if the lens bo of small diameter, will correspond 
almost exactly with a segment of a sphere. 

On account of the great difficulty of grinding lenses with any other 
than spherical or plane surfaces, other forms aro seldom employed, and 
require no discussion in an elementary work. 

446. Small pencils of light refracted at a spherical surfaon 
hive the position of their 348 

foci changed. 

Let P A P', fig. 348, bo a 
convex spherical surface of a 
dense medium, 0 being the 
centre of curvature of the 
dense medium, Q the focus of 
the incident rays, and q' the focus of the refracted rays. Let Q A «/' be the ray 
which onfers the medium perpendicular to its surface, and <4 1* another ray which 
is refracted in 1* q', so as to meet Q A continued in »/'. Draw 0 P N perpendicular 
to the curved surface through the centre of curvature and point of incidence. 

We shall then have the angle of incidence i«« QP N, the angle of refraction 
»' =— q‘ P 0. Let P 0 A - o, then from the triunglo, Q 0 P, we have : — 

Sin. i : sin. o *--- Q 0 : Q P, 
and from the triangle, q * 0 P, we have : — 

Sin. o : sin. i' «=* q* P : q ' 0. 

By compounding these proportions we havo : — 

sin. i Q 0 q* P Q 0 q* 0 

sin. i ’ Q P ^ q' O* Q P q* P 

Since the pencil of rays is very small, we nuiy consider Q P **• Q A, and 
qf p «= q' A nearly. Let Q A * u, q’ A u', A 0 « r, then the laat formula 

ii -f- r n* — r n n — 11 

beeomes n. , which may be reduced to 

II u' u r r u 



If we suppose Q to be situated at an infinite distance from A, the incident 
rays will be parallel, and we shall have u = infinity, and : — 



Making this value of u 9 = /', the general formula will be - 

80 


n 1^ 

/ •' 
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Rafraotion at a concave anrface.— If the surface of the dense media* 
is concave, as shown In fig . 349, let Q, as 
before, be the focus of the Incident ray*, q* 
the virtual focus of the refracted rays, and 0 
the eentre of curvature. Then the angle of 
Incidence t = QPO; the angle of refraction 
F«>RPN«-9'P0; let the angle POA-o. 

In the triangle Q P 0 we have : — 

Sin. t : sin. o = Q 0 : Q P, 



and from the triangle q' P 0 we have 

Sin. o : sin. i' = q'P:q' 0. 
Combining these proportions we have : — 


■in . * _ _Q0 9 ,p 

Bin. t' ^ ~ QP ^ g'O* 




The penoil being small, we may put Q A = Q P, and q* A = q P nearly, and 
putting Q A = u, q' A = u' p and 0 A = r, we have : — 


QO q'O a — r — r 



From this we obtain 


n 

u' 



-j — ; in wnicb/' represents the 


value «' when u = infinity, or the incident rays are parallel. 


We may take the general formula for refraction at a convex surface 
jf a dense medium, and, by applying proper values to the letters, deduce 
formula) for all other cases, whether the medium be dense or rare, and 
the refracting surface convex or concave. 


In the formula 


n — 1 
r 


we have supposed the value of u measured from the convex surface of 
the dense medium, in the direction A Q in the rarer medium. Calling 
this direction positive, if the focus of incident rays were taken iu the 
dense medium u should be considered negative ; u' has been reckoned 
positive when measured in the dense medium, therefore if it is measured 
in the rare medium, as in the example of the concave dense surface, it 
should be reckoned negative ; we also reckon r positive when it lies in 
the dense medium, aud negative when it lies in the rare medium. 

Therefore, to apply the general formula for a convex surface of a dense medium 
to the ease where the incident rays converge to a fo$us in the dense medium, 

« i» — 1 1 

we make « negative, and the formula becomes — -j — . 

ft' v * 

To aiapt the formula to the case of diverging rays refracted at the ooaoave 
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spherical surface of a dense medium, wo make r negative, and the formula becomes 
a a — 1 1 

— — - which shows that *' is essentially negative, or that it lies 

•n the same side of the refracting surface as the oentre of curvature. 

ii u ^ 

If then we change the sign of w' in the formula, it becomes - — — 4 . 

a' r 1 a 

In whioh u ' represents the distanoe of the focus of refracted rays measured in the 
direction of the rarer medium. This formula is the same as was deduced from 
fig. 349, where the same conditions wore applied to the analysis of the diagram. 

To apply the formula to the case of rays of light proceeding from a dense to 
a rarer medium, we have but to let u and u' change places in the formula, and 
change the sign of r. Making these changes in the general formula for a convex 
surface of a dense medium, the formula for diverging rays refracted at a convex 
surface of a rare medium will become : — 

n n — 1 1 1 n » — 1 

u r u f * u' u r 

The formula for diverging rays, refracted at a concave surface of a rate 

medium (by similar changes), will become L = " — - — 

u' u r 

The formula for converging rays issuing from a convex surfaco of a dense 
medium, or, whioh is the same thing, entering a concave surface of a rare medium, 
n » — 11 

will become ■ : u' being the focus of rays traversing tho dense 

a' r t> 

medium, and » the focus of rays issuing from a dense medium or ontering a rare 
medium. 

447. Action of a double convex lens upon small pencils of 
light. — Lot P A P' B, fig. 350 , bo a double convex lens, of which r is the radius 
of the first surface, and * tho 
radius of the second surface. 

Let Q be the focus of the inci- 
dent rays, 9' the focus of the 
rays After refraction at the 
first surface of the lens, and 
9 the focus of the rays as they 
emerge from the second sur- 
face of the lens. Also, let Q A = u, A q' ==■ u' # B 9 = r, and the thickness of 
the lens ABst. 

n » — 1 1 

After refraction at the first surface, we shall have ( 446 ) — = . 

u f r « 



n n — 1 1 

By refraction at the second surface, we have (446) — ■— = . 

• B 9' 1 v 

If the thickness of the lenrls so smidl that when compared with B 9' it may he 
neglected, we make B 9 ' « A 9 ' = u' nearly ; adding the two proceding equations, 
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For parallel rajs, «= infinity, 1 = 0, and 1 = (» — 1) (- -f- -V 
« r V • / 


Let /= this ralne of v when the incident rays are parallel, and the general 

111 

formula for a double convex lens becomes - = — — 

v / u 

If I is small, but not small enough to be neglected, we shall hare : — 
n n % nt / nt 3 \ 

but as t 1 must be very small compared with u the quantity contained in the 
brackets may be neglected ; hence, 


nt 


n — 1 


n — 1 1 


1 /I 1 \ I nt 

Adding and transposing, - = (n — 1) [ — (- - ) \- — ; 

v \r »/ u v” 

i _ n - 1 1 A « = t /»-* i\*. 

«*' r « # * it ' 3 n \ r u / 

, 1 11 « /a — 1 1 \* 

v / u n \ r u/ 


Conclusions deduced. — Analysis. — 1. Parallel rays of light fall- 
ing upon a con vox lens, A B, fig. 351, will be refracted to some point, 
as F, on the other side of 351 

the lens. The distance of 
the focus, F, from the lens, 
will depend upon the amount 
of curvature, and also upon 
the refractive power of the substance, of which the lens is composed. 
If the two surfaces of the lens have the same curvature, and the index 
of refraction, as for ordinary glass, is one and a half, the focus of 
parallel rays, called the principal focus, will be at a distance from the 
lens equal to the radius of curvature of either surface of the lens. 



1 / 1 1 \ 1 3 

In the formula - = (n — 1) [ -4 - ) , lot » — the index of refrao* 

r \r * / u 2 

tion for ordinary glass, then since the incident rays are supposed to be parallel, 
1 

a =» oo, and - = 0, and if the two surfaces of the lens have the same curvature. 


r ss •, and the formula beoomes 


1 1/1 1 \ 1 

r = jlr+r) r ••• • = 


or F the 


focus of parallel rays is at a distance from the lens equal to the radius of 
curvature. 
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% Diverging rays . — If the rajs falling upon the lens come from a 
point, R y at a distance from the lens equal to twice the principal focus, 
they will converge to a point, S, at an equal distance on the other side 
of the lens. 


It will be easily seen from fig. 351, that tho angles, X and Z, are equal to 
eaeh other (being the alternate angles formed by the straight line, R A, meeting 
two parallel lines), and also that the angles, X and 0, are equal. In the 
triangle, ASP, the sides, F A and F S, are equal, hence the angles, 0 and Y, 
are equal, and T equals Z, therefore if the incident ray is bent inward to a dis- 
tance represented by the angle, Z, the refracted ruy must be bent outward by an 
equal angle, Y, by which meaus tho radiant point is removed from F, tho princi- 
pal focus of parallol rays, to S, which is at double the distance of F. 


The formula shows the same thing. Making u — 2 r, we find v « 2r. 
If the radiant point is taken more distant than R, as at V, fig. 352, tho 

85S 


A 



n 


conjugate focus will be removed from S, to some point, T, between S 
and the principal focus. 

The formula will then give - — ^ t — rr ; or v < 2 ?*. 

h v r u > -V v 


3. Converging rags . — If rays of light falling upon tho lens, A B, fig. 
353, converge towards a point, V, bo- 353 

fore refraction, they will converge, 
after refraction, towards a point, T, 
between the principal focus, F, and the -f 'V« fr r v ; 
lens. Conversely, if rays of light 
diverge from a point, T, between the 
lens and its principal focus, they will diverge after passing through 
the lens, from a virtual focus, V, more distant than the principal focus. 

In the first case u becomes essentially negative, and with the same 



values of n, r, and s the formula becomes * = - 4- * ; and as - is 

v r u v 

greater than ^ v must be less than f hence T lies between tho princi- 


pal focus and the lens. 

4. Plano-convex lenses . — The action of a plano-convex lens is in 
general the same as that of the double convex lens, but its foci are at 
double the distance, the principal focus being at a distance equal to 
twice the radius f the curved surface 

80* 
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To adjpt the formula to this case, we make n = |, and r = bo, hence 

jj* = ^ If the rays are parallel, j = 0, and r, or/* = 2t. 

448. Aotion of a doable concave lens upon small pencils of 
light. — Let P A P f p* B p t fig. 364 

854, bo a double concave lens 
of a donee medium, r being the * r — 7 

radius of the first surface and § ^ 

tho ~ad:u0 of the second surface. \ f 

Let 3 bo th© focus of the inci- r* . ^ " "‘t r < 

dent rays, 7' tho focus of the 
rays after refraction at the first * 
surface, and 7 the focus of the 

emergent rays p II, p' R\ Let Q A — u, A j' = B 7 = e, and A B = t. 
According to tho formula for refraction at a concave dense surface (446) : — 

ft _ u — 1 1 

«' r v * 

and by the formula for rays emerging from a concave dense surface, 

* « *» — 1 1 


If tho thickness of the lens is so small that when compared with B 7' it may 
be neglooted, and that we may consider B 7' =r A 7' = u\ combining these two 

, , 1 / 1 1 \ 1 111 

equations wo have - ( w— 1) [ -4 ) } -. Or, - ~ -4 . 

• \ r ' / u V / 1 u 


If the thickness of the lens is too groat to be neglected, we find by the same 

_ _ lilt 

method as for a convex lens — = — j 

v f u n 

This formula for the double concave lens may bo deduced directly from the 
formula for tho double convex lens, by substituting in thut formula for r and 
*» — r and — •, and as the value of v would thou be negative, changing that 
sign also when its positive value is reckoned on the same side as u. 



Conclusions deduced from analysis. — A concave lens produces, 
upon rays of light transmitted through it, j 355 

effect the opposite of that produced by a con- 
vex lens. 

1. Parallel rays oflight, transmitted through 
a double concave lens, diverge from a virtual 
focus in front of the lens, as shown in fig. 

355 ; the virtual focus being at the centre of the sphere of which the 
first surface forms a part. This is its principal focus. 

2. Diverging rays . — If the radiant point is more distant than the prin- 
cipal focus, as at B, fig. 356, the virtual 
conjugate focus, A, will be between the 
principal focus, F, and the surface of tho 
lens, and the rays will diverge after re- 
fraction. 


366 




3. Converging rays , transmitted through a concave lens, will be rsn* 
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dmd less convergent, parallel, or divergent, depending upon the 
distance of the point towards which they converge before entering 
the lens. 

The above propositions are easily proved by reference to the formula for a 


double concave lens, - = (» — 1) 



449. Rules for determining the foci of lenaes.-*-Whcn lenses 
are made of gloss whose refractive indox is one and a half, their foci 
may be determined by the following rules : — 


Rule for the Principal Focus. 

Divide twice the product of the radii by their difference, for the 
meniscus and concavo-convex lenses, and by their sum, for the double 
convex and double concave lenses. The quotient will givo the focus for 
parallel rays. The focus of parallel rays, or principal focus, of the 
plano-convex or plano-concave lens, is double the radyis of curvature. 

Rule for the Conjugate Focus , when the Focus of the Incident Rays u 

given. 

Multiply the length of the principal focus, with its proper sign, by 
the focus of the incident rays, and divide the product by the difference 
between the principal focus und the focus of incident rays, and the 
quotient will be equal to the conjugate focus. 

If tho distance of the focus of incident rays is less than the principal foous, 
the value of the conjugate focus will he positive, and it will lie on tho same side 
of the lens as the focus of incident rays ; hut if tho value of the foous of inci- 
dent rays is greater than the principal focus, the value of the conjugate focus 
will be negative, and the foous of refracted rays will lie on the other s/do of the 
lens. 


450. Combined lenses. — If two convex lenses, A A, B B, are placed 
near together, as in fig. 1157, their corn- 367 

bined focus will be shorter than that 
of either lens used alone. 

Let parallel rays be refracted by the first 
lens, A A, to a focus at N ; represent the distance of this point from the first lens 
by /', and let the distance between the lenses be represented by a, let /'' repre- 
sent the corresponding focal length of the second lens for parallel rays, and 
f the distance of the focus L from the second lens. In the geueral formula 
1 I 1 

•a - — considered w.tb reference to tho second lens, u = — (/' — o), and 

t / a 

/becomes /',»=«/, and we have : — 

1 1 1 



f" X 0" - a) 
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If R# SSaaei betwesn Ri Ituei if nothing, then for the foeu* of pamUM 
/w y « 

t«p% For rays not parallel, the formula will be:— 


l — I -L—l 1 , «-/ 

7““/' ■*>*— «(*—/') 

When the lenaei are In contact, - = — — 1* For any number of lenses 

v f* f" u 

in contact, i = - 4- -i- -f- i + *o., — - - (\ \ — -* 

• « \f) u 


451. Oblique pencils, when transmitted through lenses, have their 
foci in secondary axes, and their foci are determined by the B&me rules 
as the foci of direct pencils in the principal axis. 


It has boon shown, in \ 439, that a ray of light transmitted through a 
prism in a direction parallel to its base, suffers the least deviation possible; 
hence in evory other position the deviation is increased. From this principle it 
follows that the foci of oblique pencils transmitted through lenses will be some- 
what shorter than the foci of direct pencils. This fact require* consideration in 
the formation of the images of largo objects. (See g 455.) 


452. The optical centre of a lens is a point so situated that every 
ray of light passing through it will 368 

undergo equal and opposite refrac- 
tion on entering and leaving the 
lens. It will, therefore, be found 
where a line joining the extremi- 
ties of two parallel radii of the 
opposite surfaces cuts the axis of 
the lens. 

Lot 8 P R Q, fig. 358, bo a ray of light passing through a double convex lens 
so that the radii O'P, 0 K, drawn from the points of incidence and emergence 
are parallel. Let C be the point where this ray intersects the axis of the Ians. 
The triangles O' C P, 0 C It, are similar, hence : — 

O' P : y C = 0 It : 0 C ; 

O'P— O'C ; Oft — OC = O'P : OR; 

A C : B C O'P : OR; 

AC | BC : O'P -f. OR = AC : O'P. 

Patting 0' P ~ r, OR = s, and A B = f. 

AC:<=r:r-f » A C = , B C = — — 

r + • *• + * 

If the lens were double eoncave, r and « both bccomo negative, but the wtu.m 
of A C and B C remain unchanged. Since these values are both positive and 
constant, whatever may be the positions of the points P and R, the optical 
eentre of a double convex or double concave lens will be a fixed point in the 
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wmtn will be el tin totemetion of the axis with the nn«d surface, 
for a menisous, either r or i will be negative, and the formuln show that la 
that ease the optieal centre will be situated without tho lens at a pcint depend- 
ing upon the relative values of the two radii. 


All rays of light passing through the optioal centre emerge from the 
lens parallel to the incident rays. The position, form, and foci of all 
pencils of light passing through a lens are determined by their relation 
bo some line, or secondary axis, passing through the optical centre of 
the lens, whether any ray of light from the radiant point actually 
passes through that centre or not. 

453. Images formed by lenses. — If an object is placed before a 
convex lens at a greater distance than the principal focus, an imago of 
the object will be formed on the other side.of the lens. 


If from the extremities of the object A B, fig. 359, the secoudary axes, A o, 
B b, are drawn through the optical centre of the 
Lens, the iinuge will bo formed between these 
axes prolonged, at a distance equal to the con- 
jugate focus of the lens, estimated separately for 
every point of the object. If the object is placed 
beyond tho principal focus, and at less than 
twice this distance, the image will be more distant and larger than the object 
If the object recodes from the lens, tho imago will approach it. When the 
object is removed from the lens, more than twice the principal focus, tho imugo 
will be smaller than the object, and it will gradually approuch the lens, and 
diminish in size as the object recedes. The image can never approach nearer to 
the lens than the principal focus. The linear magnitude of the image us com- 
pared with the object will be proportional to their respective distances from the 
Lens. 360 

If the object is placed nearer to the lens than the 
principal focus, as A B, fig. 360, the rays will 
diverge after passing the lens, and a virtual itnayc, 
a b, will be formed on the same side of the lens as 
the object. The virtual image formed by a convex 
lens is always larger than the object. 

If an object, A B, fig. 361, is placed before a coneuve lens, tho rays from 
avery point of tho object will diverge after refraction more thuu they did 
aefore entering the lens; consequently a virtual 361 

’ maye , smaller than tho object, will be formed on 
,be same side of the lens The size of the virtual 
oa^o will be in proportion to its distance from 
he lens. 

454. Spherical aberration of lenses. — It has been assumed that 
spherical lenses bring rays of light issuing from a point to a sensilde 
ocus. For many purposes, however, greater accuracy is required, 
tod it becomes necessary to consider the imperfections of spherical 




359 

« 
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If the diameter of the lens V W, fig. 362, is large in proportion to its 
radios of curvature, rays of parallel light 362 

will not be brought to an accurate focus, 
but while the central rays cross the axis at 
F, the extreme rays will intersect the axis 
at G, and intermediate rays will intersect 
the axis at every possible point between 
F and G. The distance, F G, is called the longitudinal spherical aberra- 
tion of the lens. 

For leniea of small aperture, the aberration is nearly in proportion to the square 
of the angular aperture of the lens ; but for lenses of larger aperture, the aberra- 
tion increases more rapidly than would be required by this proportion. If the 
length of the principal focus be taken as unity, the longitudinal aberration for 
lenses of different angular apertures will be as follows : — 

For 15° the aberration will be 0*025, 

« 22 ° “ “ “ “ 0*062, 

« 3 o» « u « « 0*150, 

« 450 u tt u a 0 - 375 . 

This effect of spherical lenses causes images to be formed at every point 
between F and G, the rays going from each image, more or less interfering with 
the distinctness of all the others. 

The amount of spborioal aberration depends also on the form and position of 
lenses. If « =s indox of refraction, r — the radius of the anterior surface, and 
R as the radius of the posterior surface, then for parallel rays, the form of least 
aberration will be expressed by the following equation : — 
r 4 -j- n — 2 n* 

Jt “ 2/» a -f »i # 

If n=sl|, the form of least aberration will bo a lens whose surfaces have 
their radii in the proportion of 1 to C, the side of deeper curvature being towards 
parallel rays. If tho spherical aberration of such a lens, in its best position, is 
taken as unity, the aberration of other lenses will be as follows •— • 

Plano-convex with plane surface towards distant objects, 4*2. 

Plano-convex with convex surface towards distant objects, 1*081. 

Plano-concave tho same as plano-convex. 

Double convex or double concave with both faoes of the samo curvature, the 
aberration will be 1*567. 

The spherical aberration of a convex lens is called positive , and tho 
aberration of a concave lens is called negative because it is in an 
opposite direction from that produced by a convex lens. 

Aocuiate estimate of spherical aberration.* — To estimate with 
accuracy the amount of spherical aberration in any given case, it is 
necessary to calculate the exact course of a ray which falls upon the 
border of the lens. 



* Microscopical Journal, Vol. VIII. p. 21. 
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Let A C, fig. 363, be a section of a curved refracting surface in the plane of 
refraction, Q C q being its axis. The refractive index ess n. Here the 

363 



Q C of the radiant point from the refracting surface is given. Also 0 D and 
I> A co-ordinates of the point A. Hence, also the normal A E and sub-normal 
P B may bo found. Let A q be the refracted ray required, ontting Q C q la f. 
How sin. incidence is to sin. AEOoaQB:QA. 


Sin. E is to sin. refraction mm q A : q E. 

QA 


Sin. incidence : sin. refraction mb » s 1 
p A ».Q A 


f* QB 


q » Q» 

e, (a known quantity). 


4. «., q E* + E A* + 2 q E.E D m c \q E s . 
... («* — 1) q E 1 — 2 E V.q B = E A 1 . 

2 ED E A* 


.-. q E* — 


c*-l 


.9 E * 


c 2 — 1 


ED ) 1 ED* (c* — 1) E A* 
S= (c»-l)»+ (0 J -1)‘ 

1 E = I ED ± j/E D * + i? — 1) E A* | . 

From this formula the accurate value of q E for any surfaoe may be calculated. 


455. Aberration of sphericity ; distortion of images. — When a 
straight object is placed before a lens, the extremities of the object not 
being in the principal axis, if the images of the extreme points are ' 
formed in the secondary axes at the same distance from the optical 
centre of the lens, as the central portions of the image, the image will 
not be straight, but formed on a curve, the centre of which is at the 
optical centre of the lens, as a ' 6', fig. 364. But as an object reoedes 
from the lcn«, the image will 364 

approach it, therefore as A and 
B are more distant from the 
lens than the centre of the 
object, the extremities of the 
image must be nearer than the 
centre, and instead of a'Cb', we 
•hall have the image a" C b // 
described around a centre, somewhere between the lens and the centre 
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of the image. Obliqae pencils are also more strongly refracted than 
pencils which belong to the principal axis ; hence this cause must tend 
to curve the image still more. This curvature, or distortion of images, 
is called aberration of sphericity. For ordinary purposes this imperfec- 
tion of lenses may be disregarded. The practical method of overcoming 
these difficulties will be best explained iu connection with the descrip- 
tion of achromatic lenses. 

i 4. Chromatics. 

456. Analysis of light. — Spectrum.— Primary colors. — A beam 

of sunlight, S H, fig. 305, admitted into a dark chamber, through a 
small opening in the shutter, E, forms 865 

a round white spot, P, upon a screen or 
any other object upon which it falls. 

If a triangular prism, B A C, is inter- 
posed in its path, as shown in the figure, 
the light will he refracted both on enter- 
ing and leaving the prism, but instead 
of forming only a circular white spot on 
the screen, M N, it will be spread over 
a considerable space from S to K, called the solar spectrum , in which 
will be seen all the colors of the rainbow. Beginning with the color 
most refracted, they are violet, indigo , blue, green , yellow , orange , and 
red. 

If an opening is made in the screen so as to permit only the rays of 
a single color to pass, and we attempt to analyze this color by passing 
it through a second prism, we find it canuot he further decomposed by 
refraction ; hence the colors of the solar spectrum produced by the 
refraction of a triangular prism are generally called primary colors. 

457. Recomposition of white light. — if a second prism, A B a, 
exactly similar to B AC, is placed behind the first, hut in a reversed 
position, as shown in the figure, the differently colored ruys will lie ro 
united and forjn white light at P, as though no prism hud been used. 

Moreover, if, instead of the second prism, a double convex lens is so 
placed as to receive the colored rays and converge them to u focus, a 
round spot of white light will he again formed in the focus of the lens. 

If colored powders arc mixed in the proportions that the several colors occupy 
In the solar spectrum, the color of the compound will be a grayish white. That 
tho resulting color is not pure white is probably owing to the fact that we cannot 
procure artificial colors that will accurately represent the colors of the solar 
■pcotrum. 

458. Analysis of colors by absorption. — Although the colors of 
the prismatic spectrum cannot he further divided by refraction, Brewster 




hM shown, that anj of the colors may be still further decomposed b> 
transmission through variously colored glass. He thus ascertained that 
red, yellow, and blue light are found in various proportions in a', tarts 
of the spectrum, and that any other color whatever may bo formed by 
suitable combinations of these three. Brewster and other eminent 
philosophers have hence inferred that there are really only three pri- 
mary colors , red, yellow, and blue. 

Dr. Young considered red, green, and violet, primary colors. According to 
fierschel, any three colors of the spectrum may bo taken as primary, and all 
other colors may be compounded from them, with the addition of a certain 
amount of white. The distinction of colors into primary and secondary, should 
therefore be considered to a certain extent as arbitrary, and as adopted princi- 
pally for convenience of illustration. 


459. Complementary colors.— Any two colors which by their 
union would produce white light, are said to be complementary to eacr. 
other. If we take away from the solar spectrum any color whatever, 
we may reunite all the remaining colors, by means of a double convex 
lens, or by a second prism, and the resulting color will obviously be 
complementary to the first, because it is just what the first wants to 
make white light. In this manner it is found that, 

Red is complementary to ...... Green. 

Violet red 44 41 ...... Yellowish green. 

Violet 44 44 Yellow. 

Violet blue 44 44 Orange yellow. 

Blue 44 44 Orange. 

Greenish blue 44 14 Reddish orange. 

Black 44 44 White. 


The subject of harmony and contrast of colors, will be treated in conneotios 
with the phenomena of vision. 


400. Properties of the solar spectrum. — In the solar spectrum 
there are found three distinct properties which exist in various degrees 
of intensity in the differently colored rays. See fig. 308. 

(a) Luminous rays . — According to Ilersche), Fraunhofer, and others 
it is found that the maximum illuminuting power resides in the yellow 
rays, and the minimum in the violet. 

($) Calorific, or heating rays . — The position of greatest intensity for 
• tire calorific rays varies with the nature of the material of the prism 
with which the spectrum has been produced. In the spectrum pro* 
duced by a prism of crown glass , tbe greatest heating power is found 
in the jxUe red. If a prism filled with water is used, the greatest 
beating power is found connected with the yellou • ays . If the prism 
is filled with alcohol , the greatest heat is connected with the 
81 
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ydtm With prisms, formed of highly refracting gems, the maximum 
heating power is found beyond the red ray . Flint gloss resembles U 
gems in this respect. 

( e ) Chemical rays. — In a great variety of phenomena, solar light acts 
as a chemical agent. Under the influence of solar light, plants deoom- 
pose carbonic acid, evolving pure oxygen, and most vegetable colors are 
destroyed ; phosphorus is changed to its red or amorphous state, and 
loses its power of emitting light ; chlorine and hydrogen may be safely 
mixed in the dark, but combine with an explosion when exposed to 
the sun's light; the green color of plants disappears in the dark, and 
the nature of the vegetable juices is changed when withdrawn from 
the chemical action of light; and the wonderful phenomena of pho- 
tography depend upon the action of light upon sensitive chemical 
dbbstances. 

The maximum chemical effect, produced by solar light, appears to 
be connected with the violet rays, or with rays between the violet and 
the blue. Some chemical effect is produced by rays refracted entirely 
beyond the extreme border of the visible violet rays. The lavender 
light of Ilerschel results from the concentration of the so-called invisi- 
ble rays, beyond the border of the violet. A large convex lens gathers 
these otherwise invisible rays into a faint beam of lavender colored 
light. 

461. Fraunhofer’s dark lines in the solar spectrum. — In 1802, 
Dr. Wollaston first discovered the existence of dark lines in the solar 
spectrum, but the discovery excited no special attention, and was 
appliod to no practical purpose. 

Unacquainted with Wollaston's observations, the late celebrated 
Fraunhofer, of Munich, rediscovered the dark lines of the spectrum, 
now distinguished as Fraunhofer's dark lines. Viewing through a 
toloscopo the spectrum formed from a narrow line of solar light, by 
the finest prisms of flint glass, ho noticed that its surface was crossed 
by dark lines of various breadths. None of these lines coincide with 
the boundaries of the colored spaces. 

From the distinctness and case with which they may be found and 
identified, seven of these linos have been distinguished by Fraunhofer 
by the letters B, C, I>, E, F, 0, II. Numerous other lines — varying 
from 600 to 2000 in mimbor, according to the power of the telescope* 
with which they are viewed— have since been counted in the solar 
epectruiiK 

To view these lines with the naked eye, a ray of sunlight is adm'ted into a 
dark chamber through narrow openings in two screens, one placed behind the 
•that, as shown in fig. 366, and is then refracted by a prism of tha purest dial 
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the Hum, or tome of tfeea, wit! than bo tesa on tbo screen. 1 W positions 
it these linos in tbo colored spaces of the spectrum is perfectly definite, but theiv 
86fi 367 



distances from each other vary with the substance of which the prism is formed. 

Prof. 0. N. Rood states (Am. Jour. Sci. [2] XVII. 429), that fine fliut glass 
prisms are by no means indispensable for viewing the fixed linos, as be found no 
prism among twelve in a candelabrum which did not show several of them, j* 

Pig. 367 shows the arrangement of the dark lines in the spectrum, formed t>jr 
prisms of flint and crown glass, and also by a prism filled with water. These 
dark lines answer the important purpose of landmarks for determining the 
indices of refraction for various substances. The exact limits of the several 
colors in tbo spectrum arc not well defined, but the dark lines establish definite 
points from which the practical optician estimates tbo refractive power of any 
medium, and also the comparative refrangibility of the differently colored rays 
in which tbo dark lines occupy fixed positions. 

Lines in light from different sources. — In tbo spectrum produced 
by the light of the sun, whether reflected by the moon or planets, or from the 
clouds or any terrestrial object, the position of the dark lines is invariable. Hut 
the light of the stars differs from that, of the sun, and the light of one star dif 
fers from other stars in regard to the number and position of the dark line.* in 
the spectrum. Electrical light, and the light of flames produced by any burn* 
ing body whatever, give bright lines instead of the dark lines in the spectrutr 
formed by solar or stellar light. 

The relation of the dark lines to the colors of the spectrum is shown 
in fig. 3G8. B lies in the red portion near the end ; C is farther 
advanced in the red; Din the orange is a strong double line easily 
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recognised; £ in the green ; F in the blue; G in the indigo; and II in 
the violet. Besides these, there are also others very remarkable ; thus 
* is a triple line in the green, between E and F, consisting of throe 
strong lines, of which two are nearer each other than the third ; A is 
in the extreme border of the red, and a is a band of delicate 
between A and B. 
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402. Fixed lines in the spectra from various colored flames 

- -It is well known to chemists that characteristic colors are imparted 
to the flame of alcohol by the salts of various metals. It has been 
lately observed that the spectra from flames thus colored possess 
characteristic fired lines. Thus the spectrum of a soda flame is charac- 
terized by two bright lines in the position of the two dark lines at I> in 
the solar spectrum. Lithium gives a brilliant red line between B and 
C and potash salts give bright lines corresponding to the dark 
lines A a B shown in fig. 308. The spectrum from lime (in the 
Drummond light) gives at first two bright lines like salts of sodium, 
which however soon disappear as the heat is continued ; but if an 
alcohol-sodium flame is held in the path of the rays, two dark lines 
assume the place of the original bright lines in this spectrum, corres- 
ponding exactly in position to the two dark lines Dof the solar spectrum. 

These variously-colored flames held in the path of the rays producing 
the solar spectrum render the dark lines more distinct although these 
flames alone would produce bright lines. 

From similar observations Kirchoff deduces the inference that the 
sun's atmosphere contains compounds of sodium and potassium but no 
lithium.* 

403. Intensity of luminous, calorific, and chemical rays.— 
Fig. 368 also shows how the intensity of the luminous, calorific, and 
chemical rays, varies in different parts of the spectrum. The greatest 
illuminating power resides in the yellow part of the spectrum. The 
heating power is almost entirely absent in the violet and the blue, where 
the chemical agency is at its maximum, and it is greatest beyond the red, 
and extends a considerable distance, where no illuminuting chemical 
power is ordinarily manifest. The relative positions of the maximum 
illuminating, chemical, and heating powers of the Bolar spectrum, vary 
somewhnt with the nature of the substanoe composing the prism with 
which the spectrum has been produced. 

464. Refraction and dispersion of the solar spectrum. — Kaly- 
Chromatics. — If a glass tube, retort neck, drinking glass, or any 
similar instrument of glass, be held in the path of the colored rays 
from a triangular prism in a dark chamber, a beautiful system of 
colored rings will be formed, varying their form, position, and color, 
with every change in the position or form of the glass interposed. 

This experiment exhibits, in a surprising and agreeable manner, 
the wonderful resources of color contained in the solar beam. Lan- 
guage fails to express the exquisite and wonderful beauty cf this 
simple experiment, involving only the refraction and dispersior of the 


* Monthly notices of the Berlin Academy, 1869, p. (HU 
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•olar spectrum. Kalychrotnatics (from the Greek for beautiful colors) 
has been suggested as a word to distinguish these phenomena. 

465. Chromatio aberration. — When rays of ordinary white light 
are refracted by a lens of any form, consisting of a single transparent 
substance like glass, or a transparent gem, the rays are each acted upon 
as by a prism, and dispersed into all the colors of the solar spectrum. 

This effect is shown by fig. 369, where V is the focus of the violet rays which 
are most refracted, and R is the focus of red 369 

rays which are least refracted. A violet iinnge 
is formed at V, and a red image at R, and as 
the other colors arc situated between the violet 
and the red, all the space botween V and R is 
occupied by images of intermediate colors. 

If an image of a point or line is formed at V, 
its color will be violet, but it will be surrounded by fringes composed of all the 
colors of the spectrum, the outer border of the fringe being red. This defect of 
all single lenses, formed of whatever substauco, is called chromatic nbcnntiun. 

466. Achromatism. — We have seen, {401, fig. 307, that the spec- 
trum formed by flint glass is nearly twice as long as that 370 
formed by crown glass. If therefore we take a prism of 
erown glass, A,. fig. 370, and another prism of flint glass, 

B, having a refractive angle so much smaller than the 
refractive angle of A, that the solar spectrum formed by 
It will exactly equal in extent the spectrum formed by 
the first prism, we may place the two prisms in opposition, 
as shown in the figure, and the colored rays separated by transmis- 
sion through one prism, will be exactly reunited by the other. Tho 
light transmitted through the two prisms, thus placed, will therefoto 
be of the same color as before transmission. But while the color of the 
transmitted light iB unaltered, its direction will be changed by about 
one-half the refractive power of the prism A ; for while the prism, B, 
has neutralised all the dispersion of color produced by A, it has neu- 
tralized only about half of its refractive power. 

Applying these principles to lenses, a double convex lens of crown 
glass, A A, fig. 371, may be united with a plano-concave lens of flint 
glass, B B, having a focus about double the focus of the convex 471 
lens. These two lenses will act like the priszns in the preceding 
figure. The concave lens of flint glass will correct the chro- 
matio aberration of tbe double convex lens of crown glass, and 
leave about one-half of the refractive power of the convex lens 
as the effective refracting power of the compound lens. 

An achromatic lens, formed of a double convex lens of crown 
glass, equally convex on both sides, joined with a plano-concave lens 
81 ♦ 
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of flint glass, having its concave side ground to fit one side of the double 
convex lens, will have the focus of a simple plano-convex lens, with its 
convexity equal to one side of the double convex lens. 

467. Formulas for achromatism. — Let it be required to determine 
the forms of two thin lenses composed of different media, which will 
together form a compound lens free from chromatic aberration. In 
this problem we will cousider only two colors of the spectrum, as red 
and violet. 


Let vx and n be the indices of refraction for the mean ray in the two media ; 
m' and »' the indices for one of the colored rays, and m" and n" the refracthe 
indicos for the other ray. 

Let / and f be the mean focal lengths of the two lenses, of which r and t and 
r' and * f arc the radii of the surfaces. By the principles already established wo 
shall have : — • 


Subtracting the first equation from the second, 

• -(*'— *){! + ! } + ( »«_»-){i + I}. 

This equation may be put under the form, 

»" — m' 1 n " — n* 1 
^ ** m — 1 ’/ n — 1/7* 

m " __ m * . % u n t 

The eoefteients ■ ^ and ^ , are called the dispersive powers of the 

P P* • 

two media, and may he represented by p and j>', hence 0 ~ y -f- and as p 

and p * are either both positive or both negative, under any supposition this equa- 
tion can only be satisfied by making either / or /' negative, that is, one of the 

f p 

lenses must be ooncave. We shall then havej — = Or/:/* = p : p\ 


We therefore obtain the following conclusions:— 

1st. An achromatic combination must be composed of two or more 
lenses formed of media having different dispersive powers . 

2d. One of the lenses must be concave and the other convex . 

Hd. The two lenses forming an achromatic combination must have 
focal lengths directly proportional to the dispersive powers c f the media 
of which they are respectively composed . 

Ab it was stated in { 454 that the spherical aberration of a concave 
lens is the opposite of the aberration of a convex lens, it is easy to see 
that the combination of such lenses as are required to produce achro* 
u hi ism will also wholly, or in part, correct the spherical aberration. 
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{ 5. Vision. 


4G8. Structure of tlie human eye. — The human eye .a the moat 

perfect of all optical instruments. By means of this orpin, stimulated 
by the light reflected or refracted from external objects, wo recognise 
their presence, nearness, color, and form. Some knowledge of the 
structure and action of the eye is essential to a proper understanding 
of the uses of other optical instruments. 

The eye, situated in its bony cavity culled the orbit, is maintained in 
its position by the optic nerve and its sheath, by muscles which serve 
to move it or hold it steady in any required position, and by the delicate 
membrane called the conjunctiva, which covers its anterior surface and 
lines the eyelids. The eyelids serve to protect the organ from external 
injuries, and also to shut out light which might otherwise ho trouble- 
Home or injurious by its excess, or too long-continued action. 

Fig. 372 shows a horizontal section of the eye, the lower part of the 
figure representing the side of the eye towards the nose. The globe, or 
ball of the eye, is nearly spherical, 372 


though the anterior portion is more 
convex than the other portions, as 
shown in the figure. 

The principal portions of the eye 
which require consideration, are the 
sclerotic coat, the cornea, the choroid 
coat, the retina and optic nerve, the 
iris, the pupil, the crystalline, lens, 
the aqueous humor, the vitreous 
humor, and the hyaloid membrane. 



The iclerotic coat, i, is a strong opaque structure, composed of bundles of 
strong white fibres, interlacing each other in all directions. This membrane 
covers about four-fifths of the eyeball, and more than any other structure, serves 
to preserve the globular form of the eye. It has a posterior sievo-like opening, for 
the transmission of the fibres of the optic nerve, n; anteriorly, a transparent 
membrane called the cornea , a, is sot into a groove in tbo sclerotic coat, as a 
watch crystal is set in the case, but these two membranes are so firmly united 
that they are separated only with considerable difficulty. The cornea is more 
convex than the sclerotic coat 

The choroid coat , k, is a strong vascular membrane, lining tbo sclerotic coat, 
and covered internally by a dark pigment, the piymentum nigrum , which pre- 
vents any reflection of light from the internal parts of the eye. 

The third, or inner membrane of the eye, is the retina, m, which is merely aa 
expansion of the optic nerve, n, uniting it to the brain. It is on this delicate 
lining membrane (the retina) that the images of external objects are fortnod. 

The irie , d, which forms the colored part of the eye, is a dark anuular curtain 
«*r diaphragm, adhe-ent at its outer margin, with a central opening which, in 


Vitreou* humor . — The posterior compartment of the eye, h , behind the crystal* 
line Ions, constitutes by far the larger part of the internal eavity of this organ, 
and is filled with a transparent gelatinous fluid, enclosed in exceedingly delicate 
cellular tissue, which is condensed externally, and forms a delicate hyaloid 
membrane , everywhere covering the retina and the posterior surfnee of the 
crystalline lens. The vitreous humor, enclosed in its cellular tissue, and 
•nvolopod by the hyaloid membrune, is called the vitrean * body. 

4G9. Action of the eye upon light. — The eye mny be compared 
to a dark chamber, the pupil being the opening to admit the light, the 
crystalline lens being a converging lens to collect the light, and the 
retina a screen upon which is spread out the image of external objects. 
The effect is the same as when a double convex lens forms, at its con- 
jugate focus, an image of any object placed in the ; ther focus. 

Let A B, fig. 373, be an object placed before the eye, and consider tha: rays 
are emitted from any point, as 373 

A, in all directions j only those 
rays which are directed towards 
the pupil esu penetrate the eye, 
or contribute to the phenomena 
of vision. The rays, on enter- 
ing the aqueous humor, arc 

redacted towards the axis, 0 o, drawn through the optical centre of the crystal- 
line leus , but on entering the lens, which is more dense than the aqueous 
humor, they are still further refracted, and undergoing yet another refraction 
on leaving the crystalline lens, they converge towards a point, a, where they 
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form m image of tha joint A Tbo rays of light emrttei from B form ita 
imogo in the point 6, and in the tame manner every part of the object, A B, ia 
delineated in the very small image a 6, which is a real image, inverted, and 
formed exactly upon the retina. 

470. Inversion of the image formed in the eye. — To prove that 
the image formed in the eye is really inverted, take the eye of an ox, 
out away the posterior part of the sclerotic nmi choroid coats ; fix the 
eye thus prepared in an opening in the shutter of n dark chamber, and 
look at it with the aid of a magnifying glass, when external objects 
will be seen beautifully delineated in an inverted position, on tbo retina 
at the posterior part of the eye. 

Philosophers and physiologists have proposed various theories to oxplniu how 
we come to perceive objects erect., when their images in the eve arc actually 
inverted. The most rational of these theories are the two following : 1st. That 
we judge of the relative position of objects, or of different parts of the twins 
object, by tho direction in which the rnvs come to the eye, the mind tracing 
them back from the eye towards tho object. 2d. That the image formed on the 
retina, gives correct ideas of tho relation of external objects to each other; tip 
and down being, in reference to impressions on the retina or brain, merely the 
relative directions of the sky and earth ; and wo see all bodies, including our 
own persons, occupying tho same relations to these fixed directions as oar other 
senses demonstrate that they really occupy. 

471. Optic axis. — Optic angle. — The principal axis of tho eve, 
called the optic axis, is its axis of figure, or the right line passing 
through the eye in such ft position that the eye is symmetrical on all 
sides of it. In a well formed eye this is a right line, prtksing through 
the centre of the cornea, tho centre of tho pupil, and the centre of the 
crystalline lens, as Oo, fig. 373. The lines A a, II b, which are sensi- 
bly right lines, are secondary axes. Objects are seen most distinctly 
in the principal optic axis. 

When both eyes are directed towards the same object, tho angle 
formed by lines drawn from the two eyes to the object, is culled tin 
optic angle , or the binocular parallax. 

To appreciate this difference of direction, look at two object* that arc situated 
in a line with one eye, the other being cloned; then, without moving tho head, 
»ook at the same objects with the other eye, and the objects will not both appear 
in the same line, but will seem suddenly to change tlioir positions. By such 
experiments it will readily be found that some persons see principally with the 
right, and others chiefly with t'^e left eye, when both eyes are open. Others 
will find that a part of the time the direction of objects is determined by ons 
eye, and part of the time by the other. 374 

472. Visual angle. — The angle 
formed between two lines draw n from 
tbe eye to the two extremities of an 
otyect, is called the vitual angle, as A 0 B, fig. 374. If the object if 
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removed to twine the distance, the visual angle A' 0 B' will l $ only 
one-half as great as A 0 fi, and the breadth of the image formed on 
the retina will be proportionally decreased. 

The apparent linear magnitude of an object is in inverse proportion to its 
distance from the eye, or in direct proportion to the visual angle. The apparent 
tuperjlcial magnitude is always the square of the apparent linear magnitude^ and 
Is in inverse proportion to the square of the distance. 

473. The brightness of the ocular image of any objict will be 
in direct proportion to the intensity of the light emanating from each 
point in the object. 

The amount of light received by the eye from any point in the object* 
or from the entire object, will be inversely as the square of the distance, 
and directly as the intensity of the light from each point (413). But 
the superficial magnitude of the image will diminish as the square of 
the distance increases : lienee, the apparent brightness of the image will 
remain constant , whatever may be the distance of the object. 

As the object recodes from the eye, the size of the image formed on the retina 
diminishes, the details of the various parts become crowded together, and only 
the bolder outlines occupy sufficient space to make a sensible impression, or to 
be olearly discerned. 

475. Conditions of distinct vision. — It may be stated in general, 
that two conditions are essential to distinct vision. 1st. That an object 
should be situated at such a distance as to form on the retina an image 
of some appreciable magnitude. 2d. That the object shall be suffi- 
ciently illuminated to produce a distinct impression upon the retina. 

The distance at which an object can be seen varies with the color of the object, 
and the arnouut of illumination. A while object illuminated by the light of the 
sun can bo seen at a distance of 17,250 times its own diameter. A red object 
illuminated hy the direct light of the sun can bo seen only about half as far as 
though it were white, and blue at a distance somewhat less. Objects illuminated 
by ordinary day-light can bo seen only about half as great a distance as when 
illuminated by the direct rays of the sun. The smallest visual angle under 
which an object ran bo seen with the naked eyo, is estimated at twolve seconds. 
All those calculations will vary for different eyes. 

Persons having dark -colored e>es can generally see much farther than thorn 
who havo light -colored eyes. Those whose eyes are trained to view distant 
objects, ms sudors and surveyors, will soe objects that are far too distant to be 
•oen by the eyes of inexperienced persons. 

470. Background. — The distance at which the outline of any object 
can be distinguished, depends very much upon the color of adjacent 
objects, or of the background on which the object appears projected. 
Objects are most distinctly seen wheu the color of adjacent objects, or 
tho background, presents a strong contrast to the colors of the objeot 
we wish to see 
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Colored signal*. — For signal flags used at s<a, the colors rtd, yellow, blue, and 
whitn are employed, because they are readily distinguished, and arc easily seen, 
with the water or the sky for a background. For railroad signals, the colors 
rod, white, and black are mostly used. 

477. Sufficiency of illumination. — It is not enough for distinct 
vision, that a well-defined image of the object shall be formed on the 
retina. This image must be sufficiently illuminated to affect the settles, 
and at the same time not so intensely illuminated as to overpotter the 
organ. An image may be so faint as to produce no sensation, or it may 
be so intensely brilliant as to daszle the eye, destroy the distinctness 
of vision, and produce absolute pain. 

When we look at the. meridian sun, its light Ss so brilliant as to overpower 
the eyo and render it impossible even to see distinctly the solar disc, but if a 
sufficient stratum of vapor or a colored or smoked glass is interposed, we see a 
well-defined image of the sun. 

Many stars are so distant that tho rays which enter the pupil, when converged 
to a point on tho retiua, produce no appreciable sensation, but when the amount 
of light from tho same stars falling upon a largo lens is concentrated upon the 
retina, it produces sensation, and the stars bocorno visible. 

On passing from a dark room to one brilliantly illuminated, or on going 
out into the open air at night from a well -illuminated room, the sensations 
experienced are owing partly to the contraction and expansion of tho iris, as 
explained in \ 46S, and also to the fact that the *rH*ibiltty of the retina is 
diminished by long exposure to intense light, and increased by remaining a long 
time in feeble light. 

478. Distance of distinct vision. — Although tho human eye is 
capable of seeing objects at both great and small distances, most per- 
sons, when they wish to see tho minute structure of an object clearly, 
instinctively place it at a distance of from six to ten inches from the 
eye. This point, called the limit of distinct vision , sometimes varies for 
the two eyes of the same person. Persons who see objects at very 
short distances are called near-sighted , while those who see objects dis- 
tinctly only at greater distances, are said to be long-sighted. 

479. Visual rays nearly parallel. — When we consider that the 
diameter of the pupil, when the eye is adjusted for viewing near objects, 
is only about one-tenth of an inch, if we take the limit of distinct vision 
at six inches, it will he found that the cone of rays entering the eye, 
from any single point, is included within an angle of one degree If 
we take the limit of distinct vision at ten inches, the angular divergence 
of the cone of rays entering the eye from a single point will be little 
more than half a degree. In either case, therefore, the rays differ .but 
slightly from parallel rays. For all objects more remote, the rays may 
properly he considered as parallel. Distinct vision is therefore ohtainod 
only by rays that are sensibly parallel or very slightly divergent. 
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480. Adaptation of the eye to different distances.— All hough 
there ie a definite distance at which minute objects are most distinctly 
seen, the eye has a wonderful facility of adapting itself to viewing 
objects at different distances. 

Lot two similar objects be placed, one three feet from the eye and tho other at 
a distance of six feet: If the eye is fixed steadily upon the nearer object for • 
few moments, it will be distinctly seen, while the more remote object will appear 
indistinct, but if the eye is steadily fixed up\,n the remote object, that object 
will soon be clearly seen, and the nearer object will appear indistinct. We thus 
sec that either the converging power of the eye is subject to rapid variation, or 
that the distance of tho crystalline lens from the retina is changeable. The 
moans by which the eye thus rapidly adapts itself to viewing objects at different 
distances, have not been satisfactorily determined. 

481. Appreciation of distance and magnitude: — Aerial per- 
spective. — The appreciation of the distance and magnitude of objects 
is entirely a matter of unconscious training, or education, and depends 
upon a variety of circumstances, as the visual angle, optic angle, com- 
parison with familiar objects, distinctness, or dimness of the imago 
caused by intervening air or vapor. 

When the magnitude of an object is known, as the height of a man, a bouse,, 
c? a tree, the visual angle under which it is seen enables us to appreciate its dis- 
tance. If its magnitude is unknown, we judge of its size by comparing it with 
other familiar objeots situated at the same distance. 

In vowing a range of buildings, or a row of trees, the visual angle decreases 
as the dittanoe increases, and the objects decrease in apparent size in the same 
proportion, but the habit of viewing the houses or trees, aud their known altitude, 
causes us to corroct the impression produced by the visual angle, so that they do 
not appear to decreaso in size as fast as their distance increases. 

Thus, when distant mountains are seen under a very small visual angle, 
».ocupying but a small space in the field of view, being accustomed to aerial per- 
spective, we unconsciously restore to some extout their real magnitude. 

The optic angle, or binocular parullax, is au essential element in appreciating 
distances. This angle increases or diminishes inversely as the distance; the 
movement of the eyes required, to cause the optic axes of the two eyes tc con- 
verge upon any objeot which we are viewing, gives us an idea of its distance. 
It is only by habit that wo appreciate tho relation between the distance of an 
object and the corresponding movement, required to direct both eyes upon it. 

Perfect vision cannot then be obtained without two eyes, as it is by tho com- 
bined effeot. of the images produoed on the retinae of both eyes, and the different 
angles under which objects ore observed, that a judgment is formed respecting 
their solidity at.d distances. 

A man restored to sight by couching cannot tell the form of a body without 
touching it, until his judgment has boon matured by experience, although a per- 
fect* image may be formed on the retina of each eye, A man with only one eye 
cannot readily distinguish the form of a body which he had never previously 
■een, but quickly and unwittingly moves his head from side to side, so that his 
one eye may alternately occupy the different positions of a right and a left eye ; 
and, if wo approach a candle with one eye shut, and then attempt to snuff H, we 
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shall experience more difficulty than we might have expected, because tl e usual 
mode of determining the correct distance is wunting. 

Infants plainly have no notions of distances and mngnitmdcs till taught oy 
experience and cqjnparison of optical appearances with the sense of touch. 

4S2. Single vision with two eyes. — When both eves are directed 
to the same object, images are produced in both eyes, and the inquiry 
is most natural why all objects thus seen do not appear double ? Pass- 
ing by much learning bestowed on this subject, the simplest ami most 
satisfactory explanation of the phenomenon is deduced from the ana- 
tomical structure of the optic nerves, and their relations to each other, 
and to the brain. 

The eyes may be compared to two branches issuing from a single 
root, of which every minute portion bifurcates, so as to send a twig to 
each eye. (Muller.) The optic nerve from the right lobe of the brain 
sends a portion of its fibres to each eye, and also scuds some branches 
across and backward to the left lobe of the brain. A portion oi the 
optic nerve from the right eye, instead of proceeding to the brain, curves 
around and enters the optic nerve and the retina of the left eye. In 
the same manner the optic nerve arising from the left lobe of the bruin 
is connected with the right eye, and sends branches also to the left eye. 

Branches of the same nerve fibres which go to the external side of 
the retina of one eye, go to the internal side of the othor eye. 

It is thus that a perfect sympathy and correspondence is established between # 
similar parts of both eyes. Hence whatever object is observed, if the optic axes 
of both eyes are directed towards it, the image is formed on corresponding por- 
tions of the retina in both eyes, and the mind receives the improsiou of a single 
object ; but the impression is more vivid than if the same object were seen with , 
only one eye. So perfeot is this sympathy between the two eyes, that if one eye 
only is exposed to a strong light the pupils of both eyes contract. If one eye is 
diseased and protected from the light, it suffers pain from light entering only 
the sound eye. 

483. Double vision. — If both eyes are fixed steadily upon one 
object, any other object seen at the same time will appear double. 

Fix both eyes steadily upon the flame of a lamp or candle, and a finger held 
between the eyes and the light will appear double. 

Drunken persons, or persons about falling asleep, often see objects double, 
ewing to the inability to direct both -eyes steadily upon the same object. J ho 
same phenomena may occur when, from any cause, the nerves which control ths 
•ye become diseased. 

484. Binocular vision —A picture of an object is formed on the 
retina of each eye ; but although there may be but one object presented 
to the two eyes, the picture formed on the two retina: arc not precise y 
alike, because the object is not observed from the same point of view. 

If the right hand be held at right angles to, and at a few inobee fro 
SS 
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the back of the hand will be seen when viewed by the right eye onlj, ai« the 
palm of the hand when viewed by the left eye only ; hence the images formed 
on the retinn of the two eyes must differ, the one including more of the right 
side, and the other more of the left side of the same solid or projecting object. 
Again ; if wo bend a card so as to represent a triangular roof, place it on the 
table with tbo gab 1 * end towards the eyes, and look at it, first with one eye then 
with the other, quickl) and alternately opening and closing one of the eyes, tha 
card will appear to move from side to side, because it is seen by each eye under 
a different angle of vision. If we look at the card with the left eye only, the 
whole of the left side qf the card will be plainly seen, while the right side will 
be thrown into shadow. If wo next look at the same card with the right eye 
only, the whole of the right side of the card will be distinctly visible, while the 
left side will he thrown into shadow ; and thus two images of the same object, 
with differences of outline, light and shade, will he formed, the one on the retina 
of the right eye and the other on the retina of the left. These images falling on 
corresponding parts of the retinae convey to the mind the impression of a single 
otyeet, while experience having taught us, however unconscious the mind may 
he of the existence of two different images, that the effect observed is always 
produced by a body which really stands out or projects, the judgment naturally 
determines the object to be a projecting body.* 

485. Near-sightedness. — Many persons are unable to see minute 
objects distinctly unless they are placed within three or four inches of 
the eye. Such persons are often unable to see ordinary objects die 
tinctly in a large room or across the street ; they are therefore said to 
be near-sighted (478). This defect is owing to a too great convergent 
power, the eye bringing parallel or slightly divergent rays to a focus 
before they reach the retina. 

To secure distinct vision in such cases, it is necessary to bring the object so 
near the eye as to render the rays entering the eye considerably divergent, when 
the image will be formed on the retina. The same object may be accomplished 
by placing a concave lens before the eye, when the rays from distant objects will 
be rendered divergent, and the strong convergent power of the eye will form the 
itnAge on the retina. Concave lenses for near-sighted persons should be such 
as have a focus a little longer than the distance at which they see objects moot 
distinctly. 

480. Long-sightednesc iommonly occurs in old people, when the 
eye becomes flattened by diminution of its fluids, or some structural 
change in the crystalline lens occurs, by which its convergent power is 
diminished. In such cases the rays of light tend to form an image 
behind the retina, and vision is most distinct when the object, as a 
book when reading, is held at a considerable distance from the eyes sq 
as to allow the image to be formed on the retina. 

Thhi do foot of tha eyes, when not accompanied by disease, may be entirely 

* For a discussion of this subject, seo Prof. W. B. Rogers on Binocular vision. 
Am. Jour. Sei. [2] vol. XX 
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remedied by using convex glasses, which make up for the diminished converg- 
ing power of the eyes, and bring the rays to such a condition that, the eve i« 
enabled to bring the light from near objects to a distinct locus upon the retina 
In such cases, however, the power of accommodating the eye to different dis- 
tances is often not as great as in younger persons; hence luuuy people in 
advanced life find it necessary to use one set of glasses for near, and another for 
distant objects. 

487. Duration of the impression upon the retina.— Every one 
knows that a lighted stick whirled rapidly around a circle appears like 
a ring of fire. The rapidity of revolution required to produce this 
Impression is one-third of a second in a dark room, and one-sixth of s 
second by daylight. 

When a meteor darts across the heavens, it appears to leave a luminous track 
behind it, because the impression produced upon the retina remains after the 
meteor has passed a considerable distance on its way. Tho zigzag course of the 
lightning appears, for the same reason, as a continuous track. 

Winking does not interfere with distinct vision, because the contiuu* 
ance of the impression of external objects on the retina preserves the 
sense of continuous vision. 

488. Optical toys. — Thaumatrope. — A great number of optical 
toys and pyrotechnic exhibitions otve their effect to the continuunoe of 
the impression upon the retina, when the object has cliangod its plaoe. 

If a horse is painted on one side of a card and a rider on the other side, the 
rapid revolution of the card causes the rider to appear seated on tho borne. In 
the same manner, if any object which takes a variety of positions in moving is 
painted in successive positions, atfequul distances on a revolving wheel, so 
arranged that one only of the figures shall bo seen at a time, the object is seen 
performing all the motions of real life. In this manner a horse may be made to 
appear leaping a gate, or boys playing at leap-frog. Those toys are called 
thaumatrope « and anorthoscope #. Other toys, called phenakUtoacape* and phnntae- 
cope*, are variations of the same thing, combined with mirrors und other ingenious 
arrangements on the same principle. 

489. Time required to produce visual impressions. — If un object 
moves with sufficient velocity, it is entirely invisible, its image upon the 
retina not remaining long enough to produce any impression. This is 
the case with a cannon-ball or rifle-ball, viewed at right angles to the 
direction of its flight. But if the projectile is going from us, or joining 
towards us, it preserves the same direction long enough to produce an 
impression. Motions describing less than one minute of arc in a second 
of time are not appreciable to us. Hence we do not see the mo v t Jieuts 
of the hour hand of a clock, or of the heavenly bodies. 

490. Appreciation of colors. — Color blindness. — The power of 
the eye to distinguish colors, varies greatly in different persons. Some 
eyes fail entirely in this particular, while in every other respect they 
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are perfect. Such eyes are said to be color-blind Some confound 
certain colors, as red and green, while they distinguish others, or while 
they recognise all the colors of the spectrum, they cannot appreciate 
delicate shades of the same color. 

Colors are greatly modified by proper contrast with other colors. 
Thus the complementary colors mutually enhance, while those not com- 
plementary diminish each other's beauty when contrasted. The sensi- 
bility of the eye is much diminished by long inspection of any color, 
and its power of perceiving the complementary color is proportionally 
increased. This principle is the key to harmony of colors in nature 
and art, and serves to explain the modification of color by conti ast, and 
proximity of two or more colors. 

491. Chevreul’s classification of colors, and chromatic dia- 
gram. — The chromatic diagram of Chevroul, fig. 375, greatly facilitates 

375 
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the study of complementary colors, and the modifications produced by 
their mutual proximity. 

Throo radii of a circle represent Brewster's three cardinal colors, red, yellow, 
«*nd Mue ; between these are placed orange, green, and violet. Between thee* 
six colors are placed reddish orange, orange yellow, yellowish green, greenish blue, 
violet blue, and vVdet red. Wo thus obtain twelve principal colors, each of 
which may be again divided into five scales or hues, which gradually approach 
the succeeding color. 

Wo thus have the circumference of the circle, which represents the prUmatk 
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spectrum, divided into sixty scales of pure colors. Esch radius representing a 
scale of colors is divided into twenty tones, to represent the intensity of each 
color in its own scale. The tone <$P an}" color may bo lowered by the addition 
of white, when it will remain in the same radius or scale, but take a position at 
r lower tone, or noarer the centre of the circle. A color modified by black, is 
called a broken color, but as the color is deeper, the tone is carried towards tho 
circumference of the circle. To represent the modifications produced by black, 
Chovreul employs a movable quadrant, not easily introduced in our illustration 

When two complementary oolors are mixed, their combination produces white, 
if the colors are pure. The combination of two colors not complementary pro- 
duces a certain quantity of white, but principally a color which will bo found 
n the diagram intermediate between tho two colors, if they aro of the same 
tone, or nearer to the color of deeper tone, when their tones or intensities are 
different. Tho complementary color in the diagram is found at the opposite 
extremity cf the diameter of the circle. 

This diagram thus explains the effect which two colors produce upon each 
o:hor by their mutual proximity. 

When two colore arc placed near each other, each color appears modified as 
though mixed with a email portion of the complement to the cot or which in near it. 

Examples. — (a) Suppose blue and yellow to be placed side by side ; at one 
extremity of a diameter wo road yellow, and at the opposite violet, hence tho 
proximity of yellow gives to the blue a shade of violet, or mukes it approach 
violet blue. In the same manner we find orange complementary to blue ; hence 
the blue gives a shade of orange to the yellow, or makes it approach orange 
yellow. 

(6) Let green and yellow be contiguous, the yellow will receive rod, tho com- 
plement of green, and will become orange yellow, while tho groen will receive 
from the yellow its complementary violet. A part of the yellow in tho green 
will thus be neutralized, and the green will appoar bluor or less yellow, in fact, 
greenish blue. * 

492. The study of colors upon the principles here laid down is 
of great importance to the artist and manufacturer, whether in repro- 
ducing the beauties of nature, or in architectural decoration ; also in 
weaving, embroidery, and costume. * 

The skillful salesman knows how to enbanco the brilliancy or beauty of his 
goods by artfully contrasting tho pieces which ho hopes to sell by others having 
somplementary colors. Good taste in dress never violates those principles, 
regarding with care the complexion of the wearer in contrast to tho colors 
selected. Florid skins can bear dark hues in dress, while delicate complexions 
are made pallid by heavy colors. A green dress or wreath increases the freshness 
of a rosy complexion. A crimson dress and scarlet shawl worn together appear 
mutually dull and heavy, whilo either, with the contrast of an appropriate shade 
of green, would be attractive and tasteful. These topics will be found fully con* 
Ridered in “ Chovreul on Colors." 

\ 6. Optical Instruments. 

493. Magnifying glasses. —Single lenses, used for magnifying 
small objects, occupy an important place in the arts. They are used 
by watch-makers, jewelers, engravers, and other artisans, whose labors 

32 * 



850 


PHYSICS OP IMPONDERABLE AGEJNTb 


are performed upon minute structures. These instruments occupy a 
middle place between spectacles and ^e regular microscope composed 
of a variety of parts. 

A thorough knowledge of the uses and powers of simple leases forms the basis 
of all calculations of the powers and uses of more complex instruments, like 
the compound microscope and the telescope. 

The eye takes no cognisance of real magnitude, which it can only estimate by 
inference, bnt notices directly apparent magnitude, which is determined in ill 
oases by the visual angle under which objects are seen (472). 

We have seen (479) that it is essential to distinct vision that the rays entering 
the pnpil from any one point of an objeot should be parallel, or slightly diver- 
gent, the distance of most distinct vision being generally from five to ten inches. 
For near-sighted persons, this distance is as small, sometimes, as two or three 
inches, and for eyes enfeebled by age, it extends from fifteen even to thirty 
inches. 


494. The magnifying power of a lens is found with sufficient 
accuracy for ordinary purposes by dividing the limit of distinct vision 
(ten inches) by the distance of the principal 376 

focus of the lens. 

Let A B, fig. 376, be an object placed 
before a convex lens, so much nearer to the 
lens than the focus, F, that the rays, after 
refraction by the lens, shall be in that state 
of slight divergence best adapted to produce distinct vision, that is, 
diverging as though emanating from a point at a distance of ten 
inches or the limit of distinct vision. .Let a b represent the virtual 
image, formed where the refracted rays would meet if extended back- 
ward, then db will be as much greater than AB, as its distance from 
the lens is greater than the distance of the object, A B, from the lens. 
The divergence of rays of light entering the small opening of the 
pupil, from a point ten inches distant, is so small that we may consider 
them parallel, and then the object, AB, will be nearly at F, the prin- 
cipal focus of the lens. 

To estimate the magnifying power of a lens more accurately,* let the distance 
of most distinct vision be represented by e; with a lens interposed, the eye 
sees a virtual image of the objeot, therefore, in the formula for a convex lens, let 

» =s — «, and then — - = .\ u = — , which is the distanoe of the 

€ f U •+/ 

object from the lens. If the eye is placed closo to the lenB, the magnitying 

e e 4- f e 

power represented by M will be, M — - = — L-l — 1 -f- 

« / / 

If the eye is placed at a distance from the lens xepresented by </, we shall have 
the distance of the virtual image a b from the lens represented by e' =■ e — - of, 

end the magnifying power will become, if = 1 -f » ■■ ■ 
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If the eye is plftoed ufc a distance from the tens equal *> ts principal ficus. 

e 

or, d *» /# then 3f =* anl in that case the magnifying power for different 

% * 

eye s varies as the limit of most distinct vision. 

If the eye is placed at a distance from the lens eqnal to the distance at whioh 

it sees ob.ects most distinctly, then y » 0, and M = 1, or the objeot is not 

magnified by the notion of the lens. 

The superficial magnifying power is equal to the square of the linear 
magnifying power given by the rule stated above ; but the linear mag* 
nifying power is alone commonly used in scientific treatises. 

495. The simple miorosoope acts in the same manner as the 
angle lens or magnifying glass. Instead of a single lens, a doublet or 


triplet, acting as a single lens, is often used. 

Raspail's dissecting microscope, shown in 
fig. 377, is the most complete simple microscope. The 
magnifying lens, o, mounted in a dark cup, A, to 
protect the eye from extraneous light, is fixed in the 
end of a movable arm whioh can be rotated on its 
support, elevated and depressed by the milled hoad 
E, or lengthened by turning the milled head 0. 
Below the lens is the stage B, which supports the 
object to bo examined. The concave mirror, M, can 
be so adjusted as to illuminate the object by a con - 
centrated pencil of transmitted light. 

In using this microscope, the eye is placed over 
the lens o, which may be elevated or depressed till 



the focus is adjusted to give the most distinct view of the objoct on the stage. 


Opaque objects are illuminated by a bull’s eye lens. 

By using lenses of different fooi, magnifying powers may bo obtained with this 
instrument, varying from two to one hundred and twenty diameters. 


496. The compound microscope consists, essentially, of two 
lenses, so arranged that when an object is placed 37S 

a little beyond the principal focus of the first III | / 

lens, its image may be formed in the principal j f\ 1/ 

focus of the second lens, by which it is viewed ’ 

as an object is viewed by a common magnifier. \ g 

The arrangement of the lenses iu the compound ./ /'\ T\ 

microscope is shown iu fig. 37H, and also the* position // / 

of the object, and the images both real and virtual. // 1\\ / 

The object, « r, being placed near the first lcn«, a /,, rrir J 1 — 

called the object-glass, an image, inverted and much In/ 

enlarged, is formed at R S, in the focus of the second \ \ y 

lens, dc, called the eye-glass. By this lens, the rays 
are transmitted slightly divergent, and in the exact n 1 

condition to produce distinct vision when viewed by 

the eye. The rays transmitted through the <ye-g]a^s, if traced backward to the 
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distance of distinct vision, form a virtual image at R' S', much larger than the 
real image R S, formed by the action of the first lens. 

Such a compound microscope as the one shown in this figure, is subject to 
ehromatio and spherical aberration, and the image viewed by the eye is not 
straight as shown in the figure, bat curved so as to appear convex towards tho 
eye. These imperfections are almost entirely corrected in the achromatic com 
peund microscope described in g 511. 

497. The telescope is an instrument constructed for viewing dis> 
taut objects. 

Telescopes are of two kinds. Refracting telescopes are constructed 
of lenses. Reflecting telescopes contain one or more metallic reflectors. 

498. The telesoope used by Galileo in 1609, is the oldest form 
of which we have any definite description. The Galilean telesoope 
consists of a convex lens, of long focus, and a concave lens of short 
focus placed at a distance apart, equal to the difference of their princi- 
pal foci. The light from distant objects collected by the large surface 
of the convex field-lens, is brought to such a state of divergence by the 
concave eye-lens as to produce distinct vision in the eye. 

The magnifying power of the Galilean telescope is found by dividing 
the principal focus of the convex lens by the principal focus of the con- 
cave lens. 

The convex lens, M N, fig. 379, tends to form an image of a distant object, 
AB, very near its principal focus, as at a 6. The ooncave Ions, EF, being 
* 379 



placed between the convex lens and the image, a b, renders tho rays which were 
converging to o, slightly div*. gent, as though emanating from a point, a', at 
the distance of distinct vision, about ton incboR. The same effect is produced 
on the rays converging to b. The direction of the obliqne pencils is changed, 
and the extremities of the image appear in the secondary axis a O' a', and b O' b\ 
drawn from a and b through O', the optio&l centre of the lens E F. It is erpe- 
oially to be noticed, that while the rays from any one point in the object are 
rendered parallel, or slightly divergent, by the concave lens, the pencils from the 
extreme points oonverge at O' much more than at 0, making tbe visual angle 
a' O' 6 . under which the object is seen by tbe telescopo, much greater than the 
visual angle a 0 6, under which the object would appear without tbe telescope. 

Since the angle A 0 B is equal to a 0 b, and a' O' 6' is equal to a O' b, the 
visual angle u' O' 5' is to tbe angle A 0 B as 0 F is to O' F, and tbe image a' b ' 
appears as much greater than the object as the focal length 0 F of tbe convex 
lens exceeds the focal length O' F, of tbe concave leus. 
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The opera-glass consists generally of two Galnean telescopes, pkoe.1 
aear together, to allow of distinct vision by both eyes. 

Night-glasses, used by seamen, are constructed like large < T era. 
glasses. They serve to concentrate a large amount of light hi such a 
condition as to allow of distinct vision, and thus enable the eye to see 
objects distinctly in the night. They have a low magnifying power. 

With the Galilean telesoope in all its forms the object appears erect. 

499. The astronomical telescope may be constructed with a 
convex lens placed beyond the image formed by the field-lens. The 
second lens then magnifies the image formed by the first Ions. The 
object appears inverted, but this occasions very little inconvenienco in 
Astronomical observations. 

500. Eye-pieces are certain combinations of lenses used in both 
telescopes and microscopes to magnify the image formed by the lens 
nearest to the object. They have less spherical and chromatic aborration 
than a single lens, and also enable the eye to take in a larger extent 
of the object to be examined than could otherwise bo seen. 

The positive eye-piece, invented by Hamsdcn, consists of two 
plano-convor lenses, with their convex surfaces turned towards each 
other, and placed at such a distance that the object or image to be 
viewed by it is seen distinctly when brought very nearly in contact 
with the first lens. To secure this result, the distance between the 
lenses must be a very little less than one-half the sum of their focal 
lengths for parallel rays. The spherical aberration produced by this 
eye-piece is only about one-fourth as much as if a single lens were used. 
The chromatic aberration also is less than with a single lens. 

Let F F, fig. 380, be the field-lens, and E E tlio eye-lens of tho positive eyo 
piece. Let mn be an image formed by the 380 

object-glass either of a telescope or a micro- 
scope, then each ray from the imago on 
passing the lens F F becomes colored, c v, b v, 
representing the violet rays, and c r, b r, 
representing the red rays. The red rays, 
ffhich are least refracted by the first lens, 
fall near the borders of tho second lens, where the refractive power is grantor 
than where the more refrangible violet ruys fall ; hence the second lens tends (o 
correct the chromatic dispersion of the first, and tho violet and red rays enter 
the ejo very nearly as though emanating from a common point. This is an 
important excellence of the positive eye-piece ; but a yet more important ad van 
lage of this eye-piece is, that tho image is less distorted than when only a single 
lens is used. 

The negative eye-piece, which was invented by Huyghena, con* 
fists generally of two plano-convex lenses, having the convex surfaces 
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of both turned towards the object-glass. The two lenses are placed at 
a distance from each other equal to one-half the sum of their focal 
lengths. The image is formed between the lenses. This arrangement 
considerably enlarges the field of view, and diminishes the spherical 
aberration ; the chromatic aberration is also less, and it is more 
equalized in ull parts of the* field than in other eye-pieces. 

In the most perfect form of the negative eye-piece, according to Prof. Airy, 
the first, or field lens, is a meniscus whose radii are as four to eleven, with the 
son vex side toward the object, uud un eye-lens having the form of least spherical 
aberration MM), with the " ’re convex side towards the object. 

The focal lengths of the field and eye lenses should he to each other as 3 to 1, 
and their distance apart equal to one- half the sum of their focal lengths. 

In eye pieces designed for the microscope, instead of estimating the principal 
focal length of the field -lens, we must take its conjugate focus when the object 
il placed in the position of the object glu-s of the microscope. 

The action of the negative eye piece will he more fully explained in connection 
with the compound achromatic microscope tM 1 

The terrestrial eye-piece consists of four lenses, two of them being 
added solely to produce an erect image. 

Fig. 381 shows a section of the common *py~gla*s or terrestrial telescope, with 
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tho erecting evo piece. The several tubes which shut one within another, allow 
the instrument to he reduced to a convenient length when not in use. 

501. Reflecting telescopes ar£ extensively used for astronomical 
observations. A variety of forms have been invented by different 
observers, but in all a metallic speculum is employed to form an image 
of distunt objects, and an eye-piece is used to magnify the image. 

502. Sir William Herachei's telescope, shown in fig. 382, con 
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•ists of a speculum, S S, set in a tube somewhat larger than the diameter 
of the speculum, and an eye-piece, ef \ placed at one side of the ope» 
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and of the tube. The axis of the speculum, represented by the dotted 
line a N, is so inclined that parallel rays, failing on every part of the 
speculum, will be reflected, converging to the side of the tube where 
the eye-piece is placed to receive them. The site of the tube, and the 
Inclination of the axis of the speculum, is so adjusted that the eye of 
the observer may be placed at E without intercepting any part of the 
light which can fall upon the speculum in such a direction as to be 
reflected to the eye-piece. 

Sir William Hersehel's groat telescope had a speculum four fcotin diameter, 
Oreo and a half inches thick, weighing two thousand one hundred and eighteen 
pound*. Its focal length was forty feet, and it was set in a snoot-iron tube 
thirty-nine and a half foot long, and four foot ten inches in diameter. When 
directed to the fixed stars it would bear a magnifying power of six thousand 
four hundred and fifty diameters. 

This is called the front view telescope, because the observer sits with his back 
to the object and looks iuto the front end of the telescope, 

503. Lord Rosse's telescope. — By far the largest reflecting tele- 
scope ever constructed tvas made by the Earl of Bosse. It was coin- 

♦menced in 1842, and was so far completed as to be used for the first 
time in February, 1845. 

The great speculum is six feet in diameter, has a focal length of 
fifty-four feet, and weighs four tons. An additional speculum to be 
used in the same instrument weighs three and a half tons. The tube 
is of wood, hooped with iron, seven feet in diameter, and fifty* two feot 
in longth. 

This telescope has fittings to mount the eye-pieces either for front, view, as in 
llerschel’s telescope, or at the side, as in the Newtonian form : tor this purpose a 
small speculum is placed at an angle of 46°, reflecting the rays at a right anglo 
through &u orifice in the vide of the tube, where the eye-piece is placed. 

The base of the instrument is supported upon a universal joint ; and by chains 
and windlasses this mammoth telescope is moved with ease, between two lofty 
walls supporting movable galleries, which enable the observer to follow the 
instrument in any required position. 

The amount of light on any surface being os the square of the diameter, if we 
reckon the pupil of the human eye at one- tenth of an inch in diameter, this 
telescope will be seven hundred and twenty times as broad as the pupil, or have 
an area five hundred and eighteen thousand and four hundred times os great as 
the unaided eye. If one-half the light is lost by reflection from the mirror, ws 
•hall still have two hundred and fifty thousand times as much light as conunotly 
enters the eye. We need not wonder therefore at the marvellous power with 
which this instrument penetrates the remoter regions of celestial space. 

504. Achromatic telescopes. — The principle of achroumtifim has 
been briefly explained in { 406, where it baa been shown that a convex 
Isns of crown glass may be combined with a concave lens of longet 
focus, mode of flint glass, which has a higher refractive and dispersive 
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power, the combination producing refraction without dispersion, and 
consequently forming an image free from the primary prismatic colors 

The common form of achromatic compound lens is & plano-concave lens of 
(lint glass, united with a double convex lens of crown glass. Such lenses are 
found in opera-glasses and spj’-glassea, called achromatic, used both on land and 
at sea. This form of lens is also often employed in the smaller astronomical 
telescopes# Jlut in such glasses a certain amount of spherical aberration remains 
nncorreeted. 

To secure perfect correction of spherical and chromatic aberration at the same 
time, a doubje concave lens of flint glass 1ms been placed between two double 
convex lenses of crown glass, the curved surfaces of the several lenses being 
carefully estimated in view of the refractive and dispersive powers of the two 
kinds of glass employed. 

The refractive and dispersive powers of glass arc so variable, that tho optician 
Is obliged determine them anew for every new specimen of glass, and estimate 
again, by the formula* already given, the proportional curvatures of the lenses 
to bo constructed from it. 

Sir John Ilersehel found that an achromatic object-glass of the form 
shown in fig. oH.'l, will be nearly free from spherical aberration, if the 
exterior surface of the crown lens is 6*72, and the exterior sur- 
face of the flint lens 1-4 ‘20, the focal length of the combination 
being 10 00 ; and the interior surfaces of the two lenses being 
computed from these data to destroy the chromatic aberration 
by making the focal lengths of the two glasses in the direct I 
ratio of their dispersive powers (4G7). The two interior surfaces 
that come in contact may he cemented together if the lenses are 
small. 

Until quite recently, inmost insuperable obstacles interfered with the manu- 
facture of flint glass in large piocos of uniform density, free from veins and 
imperfections. 

In 1S2H, an achromatic lens fourteen inches in diameter was considered a true 
marvel of optical art. The object-glass in the great achromatic refracting tele- 
scope at Cambridge, Mass, (one of the largest in use), is about sixteen inches in 
diameter, with u clear aperture of fifteen inches, and it cost, un moulted, about 
$15 ,000. Mr. Ilontemps, n French artist, employed in the glass works of Messrs. 
Chance, Brothers A Co., Birmingham, Eng., has succeeded in producing a disk 
of flint glass twenty-nine inches in diameter, two and u half inches thick, weigh- 
ing two hundred pounds, and pronounced L>y the most skillful opticians very 
nearly faultless. 

505. Equatorial mountings for telescopes. — With telescopes of 
great power, the diurnal motion of the earth causes a celestial object to 
pass out*of the field of view too rapidly to allow of satisfactory observa- 
tion. To obviate this difficulty, a system of machinery called ail 
equatorial mounting, has been devised, to give to the telescope such a 
uniform motion as to keep any celestial object constantly in the field 
et new. 
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An nzis firmly supported is placed parallel to the axis of he earth, and la 
uusod to revolve by clock-work with a motion exactly equal to the sidereal 
motion of the heavens. A second axis, across which the telescope is mounted, 
Hi fixed upon the first axis, and at right angles with it. The telescope can 
be elevated or depressed in declinution by motion of the second axis, and it can 
be moved in right ascension by motion on the first axis. When the telescope 
has been thus directed to any celestial object, it may be clamped on both axes, 
and the movement of the clock-work will cause it to follow the motion of the 
object in the heavens. 

50C. The Cambridge telescope with equatorial mountings is 
shown in fig. 384. 

It stands on a granite pier surmounted by a single block of granito ten feet 
la height, to which tho metallic bod-plnto of the telescope is secured hr bolls 
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sad screw*. It is covered by a dome moving on a circular railway, fVeb la 
easily rotated so as to allow the great telescope, twenty -three feet In length, tc 
be directed to any part of the heavens. A narrow window, closed by shatters 
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moved \j chains, Is opened when the telescope is in use. The tour circle 
attached to the equatorial axis is eighteen inches in diameter, divided on silver, 
and reads by two verniers to one second of time. The declination circle is 
twenty ‘Six inches in diameter, divided on silver, and reads by four verniers tofl 
four seconds of arc. 

The movable portion of the telescope and machinery is estimated to weigh 
about three tons, but it is so perfectly counterpoised and adjusted that the 
observerfban direct the instrument to any part of the heavens by a very slight 
pressure of tbe hand upon the balance rods. This great achromatic telescope 
hoi eighteen different eye-pieces, giving to tbe instrument magnifying powers 
TSr/ing from 103 to 2000 diameters. 

507. The viaua* power of telescopes, or the aid which they afford 
in viewing distant objects, depends upon the combined effects of 
increased light and magnifying power. 

Sir William llerscbel relates that, on a certain occasion, when on 
account of the darkness a distant steeple was invisible, a telescope 
showed very distinctly the time by the clock on the tower. Here hut 
little magnifying power was required, and there was a deficiency of 
illumination, yet the telescope supplied both. 

To understand the principles upon which this power of telescopes 
depends, it is necessary to attend to the following particulars: — 

1. Magnifying power is measured by the enlargement of the image 
seen in the telescope, as compared with the apparent dimensions of the 
object as seen by the naked eye. 

2. The illuminating power of the telescope is tbe amount of light 
which it collects from any object, and transmits to the eye for the pur- 
poses of vision, ns compared with the amount of light from the same 
object received by the unassisted eye. 

The illuminating power of the telescope should be carefully distinguished from 
illumination of the object. 


3. Penetrating power is the ratio of the distances at which the eye and 
telescope would collect, for the purposes of vision, an equal amount of 
light. Hence the penetrating pow'er of a telescope is equal to the 
square resit of the illuminating power. 

4. The visual power of a telescope is found by extracting the squat e 
root of the product obtained by multiplying the penetrating power by 
tbe magnifying power. 

Putting P for the pouotrating power of a refracting telescope, x for the pro- 
portion^ light transmitted by a single lens, a for the number of lenses in the 
instrument, A the available diameter of the field-lens, and « for tbe diameter of 


the pupil of the eye, we shall have the illuminating powe: 






The penetrating power, P 






o*ftes. 


m 


fbe value of jr in this equation will vary with the thicl less f the leneej, the 
degree of polish, end the amount of curvature; but for ordinary purposes of 
^calculation wo may consider its value as varying from ^ to j*g. 

Let if represcut the magnifying power and t' the visual power of a telescope, 

and we shall have generally, V « j / MP « j M.—.x* | 

It will be evident that the best effect with the telescope will bo obtained whou 
the penetrating and magnifying powers are nearly equal. If tbe magnifying 


power is in exress, though the imago may be enlarged, it will be too fnint to 
produce a clear impression. If tho magnifying power is too small in proportion 
to tbe penetrating power, the eyes will be dazzled by the excess of light, while 


the several parts of the image will not he clearly separated upou tho retina. 

The magnifying power of the telescope is therefore varied by tho use of dif- 
ferent eye pieces (i>00) toveuit tho state of the atmosphere and the degree of 
lllumiuation of the object viewed. 


508. Achromatic object glasses for microscopes, if constructed 
of the forms used in telescopes, are very unsatisfactory. In the first 
place, it is found exceedingly difficult to construct such lenses sufficiently 
small for the high magnifying powers required in the microscope. 
Secondly, the largest achromatic lenses for telescopes have hut a small 
diameter in proportion to the length of their foci, and if lenses for the 
microscope have a diameter equally small in proportion to their foci, 
they admit too little light to be of much practical utility, llut if their 
diameter is increased, the light admitted through the borders of the 
lenses produces fringes, with colors in the inverse order of t lie solar spec- 
trum, showing that while the color is perfectly corrected in the centre, 
the correction effected by the concave lens is too great at the margin. 

501). Lister's aplanatic foci, and compound objectives. — The 
discoveries of Joseph Jackson Lister, Esq., communicated to the Koyal 
Society in 1830, have proved of the utmost value in perfecting tho com- 
pound achromatic microscope. II is preliminary principled are, 1st, that 
plano-convex achromatic lenses, shown in fig. 371, are most easily con- 
structed. 2d, that if the coin ex and concave lenses have their inner 
surfaces of the same curvature, and are cemented together, much loss 
light is lost by reflection than if the lenses arc not cemented. Mr. 
Lister discovered that every such piano- 88$ 

convex achromatic combination as A A, 
fig* 385, has some point, as f, not fur 
from its principal focus, from which tL 
radiant light fulling upon the lens will i 
be transmitted free also from spherical 
aberration. This point is therefore called an aplanatic foenn. The 
incident ray. f d, inches with the perpendicular, t d, an angle con- 
siderably less than the emergent ray, eg, makes with eh the perpen- 
dicular at the pi int of emergence. The angle of emergence is nearly 
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three times as great as the angle of incidence, and the rays emerge from 
the lens nearly parallel, or converging towards a focus at a moderate 
distance from the lens. « 

If the radiant point is now made to approach the lens, so that the ray/d #g 
becomes more divergent from the axis, as the angles of incidence and emergence 
become more nearly equal to eaeh other, the spherical aberration becomes nega* 
tire or over-corrected. Bnt if tbe radiant point, /, continues td approach the 
glass, tbe angle of incidence increases, and tbe angle of emergence diminishes 
and beeomos less than tbe angle of incidence, and the negative spherical aberra- 
tion produced by tbe outer curves of the^ compound lens becomes again equal to 
tbe opposing positive aberrations produced by the inner curves which art 
cemented together. When the radiant has reached this point/* (at which the 
angle of incidence does not exceed that of emergence so much as it had at first 
Como short of it), the rays again pass the glass, freedom spherical aberration. 
The point/* is called the shorter aplanatic focus. 

For all points between the two aplanatic foci / and f tbe spherical aberration 
is over-corrected, or negative ; and for all radiant points more distant than the 
longer aplanatic focus /, or less distant than the shorter aplanatic focus /*, the 
spherical aberration is under-corrected, or positivo. These aplanatic foci have 
another singular property. If a radiant point in au oblique or secondary axis 
is situated at the distance of the longer aplanatic focus, the image situated in 
the corresponding conjugate focus will not be sharply defined, but will have a 
ooma extending outwards, distorting the image. If the shorter aplanatic focus 
is used, the imago of a point in the secondary axis will have a coma extending 
towards the centre of the field. Those peculiarities of the coma produced by 
oblique poncils are found to be inseparable attendants on the two aplanatic foci. 

These principles furnish the means of entirely correcting both chro- 
matic aud spherical aberration, and of destroying the coma of oblique 
pencils, and also of transmitting a large angular pencil of light free 
from evory species of error. 

Two plano-convex achromatic lenses, A M, fig. 386, are so arranged 
that the light radiating from 
the shorter aplanatic focus of 
the anterior combination is re- 
ceived by the second lens in the 
direction off", its longer npla* 
nafcic focus. 

If the two compound lenses are fixed in this position, the radiant 
point nmy he moved backwards or forwards within moderate limits, and 
the opposite errors of the two compound lenses will ba- 387 
lance each other. 

Achromatic lenses of other forms have simitar pro- 
perties. It is found in practice that larger pencils free 
from errors can be transmitted by employing three com- 
pound lenses, the middle and posterior combinations 
being so united as to act as a single teas, together balancing the aber- 
rations of the more powerful anterior combin a tio n s. Fig. 387 shows 
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• — w fora of Mm triple epleoetie and eohromatio otgeotiT*, need 
for the oompound microaoope. 

610. Aberration of fleas ootsi oorrwcted. — If an object viewed 
with an achromatic microscope, which has all its aberrations corrected 
for an nnoovered object, is oovered with even a thin film of glass or 
mica, spherical aberration is again produced, thus sensibly impairing 
the distinctness of vision when a high power is used. 

Let abed, fig. 388, be t film of glass or mioa bounded by parallel surfkoes. 
If rays of light, diverging from 0, pass through this film, the ray 0 V R' W 
will suffer greater displacement than the ray 0 T R K, 388 

which makes a smaller angle with the perpendicular 
OP. If E E and R' K' are extended backward, they 
will cross the axis or perpendicular at the points X and 
Y, This separation of the points X and Y is exactly 
similar to the spherical aberration of a concave lens, and 
is therefore called negative spherical aberration. Chro- 
matio aberration is also produced by the same means. 

The effect observed by the eye in such cases is, that lines arc not so sharply 
defined, and tho outline of an objeet appears bordered with broader fringes, with 
colors of the secondary spectrum upon the borders of tho object. These orrora 
aro easily corrected by diminishing tho distance between the anterior and 
posterior combinations of the compound objective, which is furnished with an 
adjusting screw for this purpose. 



511. The compound achromatic microscope is coin posed of the 
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triple achromatic objective, A M P, fig. 389, and the negative eye-piece, 
formed of the field-lens F F, uric! the eye-lens K E. 

The section drawn in the figure, shows bow the light is acted upon in passing 
through the different parts of the instrument. Pencils of rays from all parts of 
the object, * t, pass through the compound objective A M P, and tend to form a 
red image at K R, and a violet image at V V, the object-glass being slightly 
over-corrected, so as to project the violet rays as far beyond the red as may ho 
necessary to make up for the want of absolute achromatism in the eye-piece. 
The converging pencils S, C, T, being intercepted by the field-lens P, aro fire- 
shortened, and at the same time the lateral pencils are bent inward, so that tho 
images v «% r r, are smaller, nearer together thau V V, R It, and curved in an 
opposite direction. The reversion of the curvature of the images is produced by 
the form of the fi ild-leu* which meets the central pencil, b\ much farther from 
88 * 
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the images V V, R R, than where it meets the lateral pencils S T ; thus the focus 
of the central pencil is more shortened than the others. The field-lens of the 
negative eye-piece does not reverse the curvature in every variety of instrument, 
but it always changes the form of the images so as to improve the definition. 
The violet rays S », T n, fall upon the eye-lens nearer its axis, than the red rays 
8 w», T m, which are less refrangible, and hence the eye-lens counteracts the 
divergence of the colored rays which were separated by the field-lens, and causes 
thorn to pass to the eye so nearly parallel that they appear to diverge from the 
•uino point of the virtual image S T, formed at the distance of distinct vision. 
The distance between the red and violet images r r, t? r, is just equal to the dif- 
ference between the red and violet foci of the lens, and these images being curved 
just enough to bring every part into exact focus for the eye-lens, the eye sees 
the image at S' T' spread out iu its' true form on a flat field. 

By means of this beautiful system of compensations, for the various errors of 
ehromAtic and spherical aberration and curvature of the image, which interfere 
with the performance of a single lens, the compound achromatic microscope has 
been brought to a degree of perfection unsurpassed by any instrument employed 
In practical physics. 

512. Solid eye-pieee. — A negative eye-piece, constructed of a 
single piece of glass, has been patented by Mr. R. B. Tolies, of Canaa* 
tota, N. Y. In the solid eye-piece there is much less loss of light 
by reflection, as there are only one-half as many refracting surfaces 
as in the ordinary eye* piece. The image is of course formed in the 
substance of the glass. This eye-piece allows the use of a higher 
magnifying power than the eye-picco formed of two lenses, and it is 
thought also to give more perfect definition. 

513. Visual power of the achromatic miQroscope. — The great 
distinction between the telescope and the microscope consists in the 
fact that while the former, practically speaking, is suited to receive 
parallel rays from a distant object, the latter has to deal with rays 
which diverge from a closely approximate point. On this account the 
formula for visual power will require some modification. 

Angular aperture . — The angular breadth of the cone of light which 
a microscope receives f-om an object, and transmits to the eye, is called 
its angular aperture. 

Illuminating power in the microscope depends upon the square of tbe 
angular aperture, due allowance being made for the light lost in *ta 
passage through the instrument. 

When tho formula for visual power is applied to the microscope, A mutt repre- 
sent the angular aperture of the instrument measured in degrees ; and a will 
represent the angular breadth of a cone of light which can enter the pupil of 
tho eye from an object at the distance of distinct vision — 1° very nearly. We 
shall then have : — 

The penetrating power of the microscope, P = A |/V; or the penetrating 
power varien directly as the angular aperture. This is not absolutely correct 
for tbe loss of light by reflection causes x to diminish as A increase#. 
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\ C am l/**» *ad ire shall hate : — The visual power of the microtcope, 

1 l /A X 

Or (since the magnifying power, or the cye-piccc, which may be employed, 
raries with the angular aperture), generally : — 

The visual power of the microecope it proportional to the square root of the 
angular aperture of the object- glam. 

Defining power, or sharpness of minute details in an object seen by the micro* 
scope, requires perfect correction of chromatic and spherical aberration. 

In fig. 890, A, 11, t\ D, show the successive appearances of a scale of dfor* 
pho Afenclau*, by regular enlargements of tho angular aperture of the mioro* 
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•cope with which it was viewed. The available angular aperture of a single 
lens seldom exceeds fifteen or twenty degreea. In the triple achromatic objec- 
tive the aperture for ordinary S91 


observations has been extended 
to 100°. With the highest powers 
used for viewing infusoria, both 
English and American opticians 
have advanced the angular aper- 
ture to 150°, and in some glasses 
to 175°. 

514. The mechanical ar- 
rangement of the micro- 
scope is well exhibited in 
fig- 391, which has been en- 
graved from a very excellent 
instrument, manufactured by 
J. A W. Grunow, New Ilaven, 
Conn. 

The instrument is mounted on 
trunnions, which allow it to be 
inrlined at any angle. The body 
of the microscope Is moved in s 
grooved support, by a rack and 
pinion motion for adjusting the 
focus. The stage has a fine, deli- 
cate movement, by a screw and 
milled bead, acting upon a lever 
at the back of the instrument, by 
which movement the focus can be 
adjusted with the utmost delicacy. 



Tho stage itself can be moved freely in any direction by a lever at the right* 
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A mirror, cor cave on one side, and plane on the other, is so mounted below the 
■tag© as to illuminate the object with either parallel or converging rays. 

Polarising apparatus, and other accessories, are fitted to the stage, and to the 
body of the microscope. 

615. The magic lantern is an instrument for projecting upon a 
screen, images of transparent pictures painted on glass. 

A lamp is placed in a dark box, before a parabolic reflector, M N, fig. S92, 
Which throws the light upon a convex lens, A, by which it is strongly condensed 
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upon the object painted on the glass slide, inserted at G D. The magnifying 
lens, B, forms au image of the illuminated picture upon a screen £ F, placed at 
its conjugate focus. The picture is plaoed iu an inverted position, to produce 
an ereot image upon the screen. 

A great variety of objects painted on glass can thus be exhibited either for 
amusement or instruction. The magnifying power of the magic lantern is 
equal to the distance of the screen from the lens, B, divided by the distance of 
the lens from the object 
* 

616. The solar microscope is a species of magic lantern illumi- 
nated bj the sun. It is, however, much more perfect in its structure, 
and it is commonly employed for viewing on a screen images cf natural 
objects, very highly magnified. 

The structure and arrangement of the solar microscope are shown in fig. S9& 
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It Is mounted over an opening in the shutter of a dark room, on the side towards 
the sun. A plane mirror, M, is so arranged outside the shutter as to reflect the 
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fays of sunlight, S, through the condensing lens, A, into the mictoscope. By turn* 
lug the screw, B, the mirror may be elevated or depressed, and by means of another 
screw, T, it can be rotated on the axis of the microscope, so os to follow the motions 
of the sun. A small lens, E, moved by the rock and pinion with the milled head 
C, serves to condense the light upon the object slide. 0. The slide 0, which carries 
the object, is secured between the brass plates K K, by the screws. 11 li. 

The object, strongly illuminated, is adjusted to the focus of th^ small lens, L 
(which may be either a small globule of glass, or a compound achromatic objec- 
tive, of abort focus), and an image, a 6, greatly enlarged, formed in the conjugate 
focus of the lens, is received upon a white screen placed in a convenient position. 
By diminishing the distance between the object and the Ions, L, the conjugate 
focus will be more distant, the screen may be placed farther from tho lens, aud 
the magnifying power will be proportionally enlargod. 

Instead of employing the light of the sun, the solur microscope may bo illu- 
minated by the electric, or by the oxyhydrogen light. 

517. The camera obscura consist# of a dark chamber in which 

images of external object# are formed by the aid of a mirror, aud a 
concave lens. This instrument affords a con- 394 

nient method of sketching natural scenery. 

A plane mirror, m, fig. 394, placed at an angle of 
45° with tho horison, reflects the light downward, 
through a converging lens, placed in the top of the 
dark chamber. A sheet of paper placed on tho table 
in the foeus of the lens, receives the image of a land- 
scape or other object, which can bo traced with a 
pencil by tbe artist, sitting, as shown in the figure, 
with bis head and shoulders protected from extra- 
neous light by a dark curtain. 

Tbe student can easily prepare an instrument of 
this kind, by inserting a spectacle glass in an ori- 
fice in the top of a box about two feet high, and 
piecing a common mirror at tbe required angle 
above it. The paper on tbe table can be placed on 
a drawing-board, and fixed at such a distance from 
the lens as gives the most distinct image. A cloak thrown over the side of the 
box where tbe observer sits, will darken tbe chamber so as to permit sketches to 
be made with great facility. 395 

Instead of the mirror and lens shown in fig. 394, a rectangu- 
lar prism is often used as a reflector, and if one side of tbe prism 
is ground in the form of a lens, the two parts of the instrument 
are combined in one. 

518. Wollaston's camera lnolda is another instru- 
ment used for sketching from nature. It consists of a 
prism, abed , fig. 395, of which the angle, 6, is a right 
angle, the angle, <2, is 135°, and the angles at a and c 
are each 67 1°. 

It Is mounted on a suitable stand, and the eye, P P', placed 
as shown in the figu*% sees the image of a distant object as though projected 
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upon the paper MN, where the outline may bo traced by the pencil S , the eye 
seeing the imago and the pencil at the same time. The light from a distant 
object entering the prism nearly at right angles with the face, be t twice suffers 
total reflection, aud emerges perpcudicular to the face a h, when it enters the 
eye, and appears us if coming from the paper, M N. The image projected upon 
the paper is as much smaller than the object as its distance from the prism ia 
less than thcushstance of the object. The image can be made to assume any 
required dimensions by varying the relative distances of the paper and the 
object This instrument is principally employed by artists for sketching land- 
scapes. 

A number of other forms of camera lucida are employed to suit different par* 
poses, but in all of them, either the object, or tho pencil and paper, aro viewed 
by reflected light, made to coincide in direction with the direct light. 

510. Photography ia the art of producing pictures by the chemical 
action of light. The daguerreotype, ambrotype, crystallotype, and 
photo-lithograph, are all produced by modified applications of the 
camera obscura. Instead of the plain paper and pencil used by the 
artist for sketching with the camera, a surface of silver or collodion, 
made sensitive by iodine, bromine, or some other chemical preparation, 
is placed in the camera and subjected to the action of the light of the 
image projected there by the lens. 396 

A camera employed for photography in any 
of its forms, requires to be achromatic, and 
also thut the chemical rays shall l>c brought to 
a focus ut the same point as the visual rays, or 
at a well-defined distance from them. As objects 
copiod by photography are seldom flat, the ohjei - 
tivo of the camera requires to he so ronstructe 1 
as not only to give perfect, definit ion of all objects 
situated in tho focal plane, hut also it should he adapted to give tolerably good 
definition of parts of an object that are situated a little anterior or posterior to 
the focal plane. 

The usual form of tho camera employed in photography, is shown in fig. 396. 
The achromatic compoutid lens. A, is attached to the box, 0, and can he moved 
backwards or forwards by turning the milled head, ]>. The second box, B, 
slides within the first. A plate of ground glass set in the frame, K, is inserted 
in B, and when the focus is so adjusted as to give a perfect image on the ground 
glass, this is removod, and the sensitive plate covered by a dark screen is inserted 
in its place. The dark screen is then removed, and the light produces a chemi- 
cal change where the image is projected. This image is then made permanent 
by vapor of mercury or other chemical applications. 

520. Railway illumination. — For illuminating railroads, it is 
important to throw upon tho track a powerful beam of light, consisting 
of* rays nearly parallel. When the track is thus illuminated, objects 
upon it aro more readily distinguished by contrast with surrounding 
darkness; it is therefore desirable Ut limit the light to the immediate 
vicinity of the traok. 

The oommon method of effecting this object is to place an Argand lamp ia 
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ibe focus of * large parabolic reflector (325), situated in front of the locomotive 
The light is thus thrown forward in parallel lines, and the lateral illumination 
produced by light radiated directly from the lamp is comparatively small. 

521. The Fresnel lens, a section of which it* shown atoA^, fig. 
397, is also employed for projecting a powerful beam of parallel light 
upon objects to he illuminated at a dis- 397 

tance. This form of lens, invented and 
first applied to practical purposes by 
Frosnel, consists of a central plano-convex 
lens, surrounded by segmentary rings, 
with curvatures successively diminishing 
as much tut is necessary to avoid the 
spherical aberration of a single lens, the 
central lens, and all tho angular segments having their curves so 
adjusted as to have a common focus. 

Tho sogmentary rings ore sometimes made entire, hut generally, when tho 
size is considerable, each ring is composed of several parts. The ecu t nil lens 
and lateral segments are all cemented to a plate of glass, as shown in the figure. 

For most purposes, where the Fresnel lens is employed, it is necessary to givo 
tho illuminating bourn of light a slight degree of divergence. It will he easily 
seen from the figure, that if tho centre of the lamp is placed ut the principal 
focus of the lens, F, the divergence of the beam, after passing the lens, will bo 
equal to the angle b A b, which the flauie of the lamp subtends at the surface of 
the lens. A concave mirror is also placed behind the lamp, to throw forward 
the light in a condition to bo refracted nearly parallel by the luns in front of tho 
lamp. A much more brilliant beam of light is obtained in this manner than by 
the parabolic reflectors alone. This Ions is also usod in Franco for railway 
illumination. 



522. Sea-lights, designed as beacons to the mariner upon danger* 
oub coasts, or for lighting harbors, are usually plaeod in towers, called 
li(j hi- houses. The great elevation of the light 393 

permits it to be seen far out at sea. It is evident _ 
that all light thrown out above or below the 
plane of the horizon, is of no avail to the 


manner. 

a. .. 

By an ingenions application of the principles of the 

Fresnel lens, a sheet of light is thrown out in every ;•{ 
direction in the plane of the horizon. If flg. 398 is ■» . '//./ | 
revolved about the central perpendicular line, os an 
axis, it will generate the apparatus known as the 
Frt*ntl Jijred lif/ht. The central tone will consist of a 
•erics of hoops whose perpendicular section is everywhere the same as a section 
of tbe Fresnel lens. This tone will therefore so act upon the light of a lamp 
placed at tbe centre, as to project a sheet of light in every direction in the plane 
ef tbe borison. Above and below the central tone, are series of triangular 
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hoops. A section of one of these hoops, and its action npon light radiating 
from the central lamp, is shown in fig 399 ; A C and B C are plane faces, while 
A B is a convex surface. Light from the focus, F, 299 

Is refracted on entering the face B C, it undergoes 
total reflection at the surface A B, aud a second 
refraction at A 0, from which it emerges in lines 
parallel to the horizon. 

The focus of each prismatic hoop is carefully 
calculated for the place it is to occupy, so that 
every part of the apparatus throws out the light 
that falls upon it in a horizontal direction. 

523. Revolving lights.— To distinguish 
one lighthouse on the coast from another, the 
Fresnel light is so modified as to give a 
•teady light, und also revolving flashes of light &f very great intensity. 

In the revolving Fresnel light, the triangular 400 

prismatic hoops above and below the ccntrul zone 
are the same as for the fixed light, hut the central 
cone is made of eight Fresnel lenses, fig 4 DO, set 
as shown in the lower part of figure. The upper 
part of the same figure shows a front view of the 
centrul zone. While the outire apparatus revolves 
as shown hy the direction of the arrows, each of 
the eight lenses gives a very intense light in 
certain directions, and between any two there is 
no light from the oontral zone of lenses. The 
light seen from any position appears gradually 
to increase to very great brilliancy, and then to 
fade away to much less than half its maximum 
intensity, after which it again increases to its 
former brilliancy. These changes are repeated at 
regular intervals. 

Fig. 401 shows a plan of a revolving Fresnel light fixed in the tower of a 
lighthoino. At A 1! are the parts shown in tig. 400 which produce the flashes 
of light. The whole apparatus is made to revolve by means of the clock-work 
showu at M, which is moved by the weight P. The balcony surmounting tht 
tower is seen in the lower part of the figure, also the stairs loading to the light 
A dome, supported on iron frame- work, protects the illuminating apparatus. 
The distaueo at which the light can be seeu will depend upou the height of the 
tower in which it is placed. 

The lamp used for the Fresnel light is an Argand burner, with four 
oonceutric wicks, with currents of air passing up between them. 

The wicks are defended from the excessive heat of their united flames by a 
superabundant supply of oil, which is thrown up from below by a clock-work 
movement, amt constantly overflows the wicks. A very tall chimney is required 
to supply a sufficiently strong current of air to support the enmhuspon. The 
dimensions of the Fresnel light, aud the number of louses and hoop* of which 
It oonsiat* are varied to suit the purposes for which it is used ; the dght pro 
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retinas of # the two eyes becomes imperceptible, and we U*e the aid just 
spoken of in estimating their distance and bodily figure. 

The telestereoscope is an instrument which causes distant objects to 
appear in relief. It increases the binocular parallax of distant objects, 
and by presenting to each eye such a view as would be obtained if tho 
distance between the two eyes were greatly increased, it gives the same 
appearance of relief, as if the 402 

objects were brought near to 
the observer. 

Let 6 and b\ fig. 402, be two 
plane mirrors placed at angles of 
45° with tho line of vision ; let 
c and c ' l>o two smaller mirrors 
placed parallel to 1 and £', and 
lot d and </' represent tho position of the two eyes of the observer. Tt is evident 
that the light from distant objocts falling upon the mirrors in the direction a b 
And «' 6\ will bo reflected to the small mirrors c and e', where it will bo again 
reflected to the eyos at d and d\ The two views soen by tbe eyes will evidently 
be the same as if the eyes wore separated to tho positions m and in'. The relief 
with whioh objects will bo soon by this instrument, will obviously he increased 
as much as tho distance b b' exceeds the distance between the eyes d and rf\ 

But while this instrument increases tho perspective di (Terence of the images seen 
by the two eyes, the visual angle under which each object is scon remains un- 
changed, and hence, as the apparent distance of the objects is diminished, their 
dimensions appear diminished in the same proportion. If the small mirrors are 
made to rotate on perpendicular axes, while the large mirrors are fixed, tho 
distortion of figure may bo easily corrected by turning the small mirrors until 
objocts appear in their true proportions. 

If the lenses of an opera glass are inserted in the instrument, the convex field- 
glassos being inserted at / and/', between the largo and small mirrors, and the 
eoncavo eye-glasses betwoon tho eyes and small mirrors, tho effect will be to 
iucrooso tho visual angle of every object in the field of view. If the glasses 
magnify os many diameters as the distance between the large mirrors exceeds 
the distance betwoon the eyes, every object will appear in its due propor- 
tions, and tho effect will be surprising. The appearance will bo as though 
tho observer had boon actually transported to the immediate ricinity of the 
objects themselves. The distance between the large mirrors of the telestereo- 
soopo should not exooed tho breadth of an ordinary window, anless it is to bo 
used in tbe open air, when it may be mado of any dimensions that are detired, 
and tho effect produced will be in proportion to its magnitude. 

525. The stereoscope (from *repe6^ solid, and axoitiut, to see) is 
an instrument so constructed that two fiat pictures, taken under certain 
conditions, shall appear to form a single solid or projecting body. 

In order to produce this illusion, different images as observod by the 
two eyes (484) must be depicted on the respective retime, and yet 
appear to have emanated from one and the same object. Two pictures 
are therefore taken from the really projecting or solid body, the one as 
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observed by the right eye only, and the other as seen by the led. 
These pictures are then placed in the box of the stereoscope, which is 
furnished with two eye-pieces, containing lenses so constructed that the 
rays proceeding from the respective pictures, to the corresponding eye- 
pieces, shall be refracted or bent outward, at such an angle as each set 
of rays would have formed had they proceeded from a single picture iu 
the centre of the box to the respective eyes without the intervention 
of the lenses. 

It is an axiom in optics that the mind always refers the situation of 
%n object to the direction from which the rays appear to proceed when 
they enter the eyes ; both pictures will therefore appear to have 
emanated from one central object. As one picture represents the real 
or projecting object as seen by the right eye, and the other as observed 
by the left, though appearing by refraction to have both proceeded from 
the same object, the sensation conveyed to the mind, and the judgment 
formed thereon, will be precisely the same as if both images were 
derived from one solid or projecting body, instead of from two pictures. 
Consequently the two pictures will appear to be converted into one 
solid body. 403 

If two pictures of an octahedron, ns A 
and B, fig. 403, such as would be formed 
on ,be retina) of two eyes, are placed in 
tbe stereoscope, fig. 404, they give to 
the observer the idea of a real solid octa- 
hedron, instead of the ordinary picture, 0. Photographs of natural scenery, 
taken from two positions, when viewed in this instrument, appear in relief like 
real objects. 

The construction and action of the stereoscope will be readily understood by 
reference to figs. 405 and 400. From a double concave Ions, A B A' I), two 
eccentric lenses, represented by tbo smaller 400 

circles, are formed. E A r, in the lower 
part of the figure, represents a transverse f\ 

section of one of these eccentric lenses, and jjj \\ 

E A' * the other. Each lens is equivalent '// -A 



•oavex Ions oemontad to each refracting face of tbe nrism. Fig. 40A shows • 
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•oetion of the stereoscope, the eccentric eye -lenses A E, A ' E', being pitted at 
the ordinary distance of the eyes, with their thin edges towards each other Let 
P and P' represent two corresponding points in the stereoscopic photographs 
which are to be examined. The rays of light, diverging from the point P, fall* 
ing upon the eye-lens, are refracted nearly parallel, and by the prismatic ferm 
sf the lens arc deflected from their course, and emerge from the lens in the 
same direction os if emanating from the point 0. In the same manner the rays 
from the point P also appear to diverge from the point 0. The same is true of 
all similar parts of tho two pictures; thus the pictures appear superimposed 
upon each other, and together produce the appearance of relief, for which the 
stereoscope is so much admired. 

Tho occentric lenses of the stereoscope are somotiinos fixed in position, but 
they are often inserted in tubes, as in fig. 404, which can be extended to adapt 
the focus to different eyes, or separated to a greater or less distance, to suit the 
distance between the eyes of different persons. 

If stereoscopic photographs are taken from positions too widely separated 
from each other, objects stand out with a boldness of relief that is quite un- 
natural, and the objects appear like very reduced models. In taking stereoscopie 
miniatures especially, great care is required to preservo a natural appearance. 
In general, a difference of a few inches in the two positions of the cameras, gives 
sufficient relief to tho pictures when seen in tho stereoscope. 

For public buildings and landscapes, two cameras are usually employed, 
placed on a stand three or four feet from each other. If it is desired to show a 
great extent of a distunt landscape, or to exhibit iu miniature the grouping and 
form of distant mountains, two stations should be selected that are widely sepa- 
rated ; but in such cases, care should be taken that no near objects are admitted 
into the picture. 


The stereomonoscope (described by Mr. Clnudet, of London) 
is mi instrument by which a single image is made to present the 
appearance of relief commonly seen in the stereoscope, and by means 
of which several individuals can observe these effects at the same 
time. 


Let A, fig. 407, be an object placed before a large convex lens, L, an image 
of t ho object will bo formed at a, in the ooajugate focus of the lens, and from 
the image u the rays of 407 

light will divergo as from 
a real object, which will 
be seen by the eyes placed 
at c e, r' t', or any other 
position, in the cone of 
rays b a c. Thus several 
persons may at the same 
time see the imago sus- 
pended in tho air. If a scroen of ground glass is placed at 8 S, the image will 
appear spread out upon the glass, but it will appear with all the perspective 
relief of a real object. An image thus formed on ground glass can be seen only 
in tho direction of the incident rays. This is not the case with an image formed 
en papor, which radiates the light in all directions, and is hence incapable of 
giving a stereoscopie offset in such circumstances. 
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Up ttorwomonosoope consist* < f a screen of ground glass, S S, fig. 408, and 
two convex lenses, A L, 11 L, so placed as to form images of two sterooBoopio 
pictures, M and N, at the 408 

point a on the screen 
6 S. Though the two 
pictures have their images 
superimposed on the smut 
part of the screen S S, 
each picture can be seen 
only by the rAys proceed- 
ing from the photograph 
by which it was formed. If the eyes are so placed that the right eye is in the 
direction of the rays coming from one lens, and tho left eye in the direction of 
rays coming from the other lens, the objoot will appear iu relief as in the stereo- 
scope, and several persons can witness tho effect at tho same time. 

{ 7. Physical Optics. 

I. INTERFERENCE, DIFFRACTION, FLUORESCENCE, 4C. 

527. Interference of light. — The interference of vibrations ami 
waves, has been already alluded to in tho theory of undulations (328, 
333), but the phenomena of luminous interference require some further 
special consideration. 

Lot A II, B C, fig. 409, he two plane mirrors, making with each other a very 
obtuse angle (very near 1H0°) ; let a beam of sunlight, entering a dark room by 
a small opening, be brought to a focus by a lens, L ; 409 

if this light, diverging from a focus, F, is allowed 
to fall very obliquely upon the two mirrors, as 
shown in the figure, it will be reflected as if diverg- 
ing from two luminous points, M and N, and the 
light thus reflected will he in a condition to inter- 
fere. Draw 0 P perpendicular to M N, from a 
point 0. midway between them. It is evident that 
every point in the line B P, will he equally distant 
from the luminous points M and X ; the waves of 
light which erosH each other in the line B P, will 
therefore he in the. same phase of vibration, and 
consequently produce a line of light of double 
intensity. Let the smooth circular arcs represent 
the phases of elevation, and the dotted arcs phases 
of depression ; then where a dotted arc crosses a 
smooth arc, the two waves should counteract each other and produce darkness. 
The open dots represent vibrations meeting iu the same phase, and tho black 
dots represent vibrations meeting iu opposite phases, which produce darkness. 
The symmetrical curves formed by the intersection of light from the two point* 
M and N, on both sides of the central line, are of the form known in geometry 
a* hyperbolas. 

The distance on each side of the lino B P, where the luminous wavos will b« 
again in a like state of accordance represented by the crossing of the smooth 
arcs in the figure, will depend on the interval between them, which is different 
for different colors; for red, it is half as much again as for violet light; hone* 
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the distance between tbe corves of doable intensity will be least for violet light, 
greatest for red, and intermediate for the other colors of the spectrum, so that 
while all the colors are united in the central line B P, they will be separated in 
the other bars, and form a series of colored fringes. In experiments, this serves 
to distinguish the central bar, namely, that the other bars are colored sym- 
metrically on each side of it. 

Half way between two places of complete accordance there must occur a 
place of complete discordance, where the difference of distances from M and N 
is £ an interval, or £, or £, Ac.; and according to the undulatory theory, 
there would be complete darkness. Between these and the places of complete 
accordance, there would be intermediate stages of accordance and discordance ; 
hence there would be bright bars shading into dark ones, all more or less colored 
except tho central bars, where all the colors are in a state of complete accordance. 

By careful measurement of distances between the luminous und dark bars, 
tbe lengths of luminous waves of different colors have been very accurately 
ascertained. 

528. Fact* at variance with theory. — When the atmosphere is 
free from clouds, and the sunlight is brightest, the central bar (which, 
according to theory, should be bright) is found to be a black one , what~ 
ever be the material of which the mirrors are composed. Hut when 
the sun is near setting, the central bar has been seen undoubtedly a 
bright one. It has also been seen as a bright bar when the luminous 
point was formed at a hole in a thin plate of metal, and the light which 
had grazed the edge of the hole was used. 

The existence of a central black bar , in normal circumstances, where the 
vibrations must meet in the same phase, is thought to be inconsistent with 
the undulatory theory of light. 

It appears that light is so modified iu passing through hate, or at an opaque 
edge of a small hole, as to acquire au auatropy or inversion of properties.* 


529. Interference colors of thin plates arc seen in thin films of 
varnish, cracks in glass, films of mica, various crystals, and in other 
transparent substances, as in soap bubbles. The colors of such thin 
films are due to the interference of light twice reflected by the surfaces 
of the film. 


Two surfaces of glass, pressed together, furnish a thin plate of air between 
two reflecting surfaces. Let C A D B, fig. 410, be 410 


a transparent film, such as a thin blown bulb of 
gloss, or a soap bubble ; let S A B T be tho trans- 
mitted ray, 8 A R tho ray reflected at the first sur- 
face, S A B A' R' the portion reflected from the 
second surface, and emergent at the first surface, 
8 A B A ' IP T' the portion emerging from the second 
Surface, after the two internal reflections, then the 



A 1 R' will be retarded behind the ray A R, by the interval a «, owing to tho 
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iicriMed length of path it hM to travel in twico traversing the film, a: d B' T # 
will, in a similar manner, fall behind the ray B T, by the interval /> 9 . If these 
retardations equal the interval of an odd number of half vibrations, they will 
interfere, as they originated from a common wave, in the ray S A. The reflected 
rays do not differ greatly in intensity, which is for each about one-thirtieth that 
of the incident light for glass, and therefore their interference produces black* 
ness where they destroy each other. The transmitted light has tho principal 
beam of little less intensity than the incident beam, lmving lost only about one* 
thirtieth part by reflection at each of the points A and H ; but the intensity of 
tho twice reflected beam which interferes with it is about one-thirtieth of one* 
thirtieth, or one nine-hundredth of that of the incident beam ; hence the differ* 
ence of the intensities of the bright and dark bands formed by transmitted light 
Is never as great as in the reflected beams. But the difference between tho, 
bright and dark bands is different for different colors of tho spectrum, being 
least for violet light* and greatest for rod. This fact is thought to bo contrary 
to what should have been expected, according to the undulatory theory. 

530. Newton's rings. —If a plane plate of polished glass is pressed 
against a* plano-convex Leus whose radius of curvaturo is known, tho 
interference hands become colored rings, and the exact thickness of the 
film of air by which each color is produced is easily estimated. 

The form of this apparatus is shown iu fig. 411. Tho letters and explanation 
of the figure are similar to the preceding. When the two glasses aro pressed 
sufficiently near together, the centres appear black 4 j j 

by reflected light, and bright by transmitted light. A 
The thickness of the film of air where the first U. 
color appears, is equal to ono-half tho retardation \ Ihv 

producing that color; hence the length of the wave, W/ 

or vibratiou, for any color, is estimated as equal — £- — 

to twice the thickness of the film of air where the^^Vjr* 
color appears. The colors succeed each other in ru** 

the order of the leugth of the vibrations required \\ 

to produce them. A second, third, and fourth scries of colored rings will be 
found, where the thickness of the film is an exact multiple of the thickness 
required to produce the first series of colors. The distance between the first and 
secoud series depends on the rupidity with which the thickness of tho film 
increases. In the case of a lens pressed against a plate of glass, the distance 
between the glasses, or the thickness of the film, increases as the square of the 
distance from the centre. The diameters of the bright rings will therefore bo ac 
the square roots of the numbers 1, 2, 3, Ac., and the diameters of the dark rings 
will be as the square roots of tbe numbers lb 2b 3b Ac. The distunce between 
successive rings of violet will be much less than the distance between tuccessive 
rings of red ; one series of colors w\U therefore overlap some of the colors in 
tbe succeeding series of colored images, and by their admixture produce colors, 
tbe successive groups of which are designated os Newton's first, second, third, 
Ac., orders of colors. 

531. Length of luminous waves or vibrations. — By such means 
as we have described, the lengths of the vibrations required to product 
different colors have been estimated. 
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Til* following table exhibits the numerical resnlts which have been iedaeed 
for the length and Telocity of luminous vibrations of different colors* 





Number of undulations 
per second. 

Extreme red, • 

0-0000260 


458,000000,000000 

Red, .... 

00000259 

m 

477,000000,000000 

Orange, . • 

0*0000240 

41610 

606,000000,000000 

Yellow, • . 

0-0000227 

44000 

635,1000000,000000 

Green, • • . 

0*0000211 

47400 

577,000000,000000 

Blue, • • • 

0-0000196 

61110 

622,000000,000000 

Indigo, . . . 

- 00000165 


658,000000,000000 

Violet* . • . 

00000174 


699,000000,000000 

Extreme violet, 

0-0000167 

Mum 

727,000000,000000 


According to Eisonlohr (Am. Jonr. Sci. [2] XXII.), the length of the vibra- 
tions in the extreme red ray is just double the length of the vibrations of the 
invisible rays beyond the violet, which, by concentration, produce the lavender 
light of Herschol. The entire range of visible rays differs in the length of 
vibrations only by the amount of one octave in music. 

When we consider the almost inconceivable velocity with which these wonder- 
fttlly minute vibrations are propagated, it is evident that absolute demonstration 
of the real nature of light must be among the profoundest researches of physical 
soienoe. 


532. Diffraction. — If a razor is held with its flat surface towards 
the rays of the sun, the rays that pass in close proximity, both to the 
edge and to the back, will be deflocted as shown in fig. 412. A portion 
of the rays are deflected outwards, appearing to suffer reflection ; the 
back of the razor deflecting the rays outward, more than the sharp 
odge ; but the edge of the razor deflects 412 

more light into the place of the geometri- 
cal shadow, than is deflected inwards by 
the back of the instrument. These differ- 
ences are represented by the closeness b 

of the lines drawn to represent the rays 
where the greatest amount of light is de- 
flected. If the body interposed is narrow, 
like a fine needle or a hair, the rays de- ‘fy/?/// 
fleeted inwards cross each other, and pro- '////I 
duce the phenomena of interference in ft 
accordance with the undulntory theory. The rays deflected outward 
produce interference with the rays not deflected, but bright lines appear 
where the undulatory theory would give dark lines. All the bright 
and dark lines are bordered with colored fringes, as in ordinary casee 
«f interference. These phenomena are best Been in a dark room by 
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looking through on eye -lens at a hair or needle, at a considerable die* 
tance frog a lamp, or by looking at a beam of sunlight admitted to a 
dark room between two sharp parallel edges. The rays that have been 
diffracted or bent into the geometrioal shadow, are not as readily 
deflected again in the same direction, but are more easily deflected ie 
the opposite direction than rays which have undergone no such pro 
vious change. 

533. Fluorescence. — Epipolic dispersion. — Certain bodies, as 
fluor-spar, glass colored yellow by oxide of uranium, called canary 
glas$, solution of sulphate of quinine, infusion of the bark of the horse* 
chestnut, and many other vegetable ^infusions, possess the remarkable 
property of so dispersing some part of the light passing through them, 
that the course of the luminous rays becomes visible. 

Those phenomena are best exhibited by bringing a pencil of light to a focus 
in the interior of any of these substancos, by means of a convex lens, when the 
course of the rays will become visible, as though the portion through which the 
light passed had become self-luminous. The ruys of light of high refrungihility, 
especially the violet and the invisible chemical rays, are subject to this kind of 
dispersion, their refrangibility is at the same time changed, ami probably the 
length of their luminous waves is increased, so that rays previously invisible 
may bo seen by the eye. These phenomena have been called by various names, 
as internal dispersion, epipolic dispersion, and fluorescence. The latter term, 
derived from fluor-spar, and adopted by Mr. Stokes, is considered the more 
appropriate term, as it involves no theory. 

This change of the refrangibility and length of luminous waves is anula- 
gous to the change of pitch in reflected sounds heard in certain remarkable 
echoes (g 355). 

534. Phosphorescence. — Certain bodies after being exposed to tbo 
action of light, acquire the property of shining in the dark (300). The 
most remarkable phosphorescent bodies are the sulphurots of barium, 
strontium and calcium, some kinds of diamonds, most varieties of 
fluoride of calcium, particularly the variety known as chlorophune, 
compounds of lime, magnesia, soda and potash, salummonine, succinic 
and oxalic acids, borax, dried paper, silk, sugar, sugar of milk, teeth, &c. 

The time during which these bodies emit light varies from a fraction 
df a second to scvcrul hours, and the intensity of the emitted light 
varies in a similar manner. 

The study of these phenomena requires the use of delicate apparatus adapted 
to the purpose. 

1. The more refrangible rays of the spectrum in general act more powerfully 
40 produce phosphorescence in bodies exposed to their influence than the less 
refrangible rays. In some cases the invisible rays of the spectrum, t. e., the 
rays beyond the violet, produce a brilliant phosphorescence. 

2. The least refrangible rays, as the red, not only generally produce no 
phosphorescence, but even counteract the influence of the more refrangible rays 
whoa mixed with them. 
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8. The wav© lengths of light emitted in the dark by phosphorescent bodies 
are in general greater than those of the exciting rays; «. e., the phosphorescent 
light shows a color belonging to a part of the spectrum nearer to th#red than 
the light which produced it, though in a few cases the color is unaltered. 

4. The refrangibility of the light emitted by phosphorescent bodies depends 
npon their molecular condition, and not merely upon their chemical constitution. 
Bach phosphorescent body appears to be adapted to vibrate in harmony with the 
wave lengths of some colors more readily than with others. 

5. One and the same body may emit rays of very different colors, according to 
tbe time which intervenes between the action of light and the moment of observa- 
tion. This last result shows that vibrations of different velocities are preserved 
for unequal times in different bodies ; sometimes it is tbe vibrations correspond- 
ing to the less refrangible rays which continue longest, as in bisulphate of 
quinine, double cyanide of potassium and platinum, diamond, &c. Sometimes 
the most refrangible rays are most durable, as in Iceland spar. 

6. Many bodies, such as glasses and certain compounds of uranium, owe their 

fluorescence entirely to the persistence of the luminous impressions for a very 
short time, not exceeding a few hundredths of a second; the intensity of the 
emitted light is then very brilliant. • 

It is probable that phosphorescence and fluorescence differ from one another 
only in the time during which a luminous impression is preserved in bodies. 

These conclusions, which support the theory of undulation as at present 
admitted, prove that, luminous vibrations, when transmitted to any body, or at 
least to a great many bodies, compel its molecules to vibrate for a time, and 
with an amplitude and wave length which depend not only on the chemical con- 
stitution of the body but ulso on its physical condition.* 

535. Colors of grooved plates. — Fine lines engraved upon polished 
steel, and lines drawn upon glass with a diamond point, if sufficiently near 
together, cause a beautiful iridescence by the interference of light re- 
flected from such surfaces. The beautiful play of colors seen upon mother 
of pearl is caused by the delicate veins w ith which the surface is covered. 

II. OPTICAL PHENOMENA OF THE ATMOSPHERE. 

536. The rainbow is one of the most wonderful and beautiful pheno- 
mena in nature. In it rcflcc- 41 $ 

tion, refraction, dispersion, and 
interference of light, are all 
combined. It is seen in that 
part of the heavens opposite to 
the sun, when the sun is less 
than forty-two degrees above 
the horizon. The shadow of 
the eye of the observer will 
always point to the centre of 
the circle of which the rainbow 
forms a part ; hence, as the sun descends near the horizon, the rainbow 


S Ed'uoud Becqucrel, Hi 4 'iothequ* Univcrttlle, vol. XVL p. 2L 
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rites higher, and as the sun asoends the morning sky, the height of the 
rainbow diminishes. 

To understand the formation of the rainbow, we mast first examine the action 
of a single drop of water upon parallel rays of light. Lot tho circle, jg. 419, 
represent a drop of water, and 8 A, S B, Ac., parallel rays of light falling upon 
it The ray S A, which falls perpendicularly upon the drop, will suffer no devia- 
tion in its direction, but will be partially reflected backward in the lino of inci- 
dence, though it will principally pass through the drop. The ray So, will bo 
refracted to 6, where it will be reflected to c, and will emerge in the direction c d, 
making a certain angle with tho direction of the original ray S a. As the distanoo 
of the incident ray from A increases, the emergent ray will make a greater angle 
with the incident ray, till we arrive at B, where two successive rays will emerge 
parallel, as shown by the heavy line, SB y « p, which deviates more flrom tho 
direction A S, than any ray incident at a greater or loss distance from A. As 
we proceed from A, towards C, the deviation of tho emergent ray will diminish, 
and every ray between B and C will emerge parallel to some other rsy, which 
entered the drop between A and B ; 8 y will emerge in c'm, parallel to e"», which 
entered the drop at the ray S x. The ray S C, which is tangent to tho drop, will 
be refracted to t, and emerge in the direction k o, making an angle of about 
twenty-fivo degrees with r p, tho line of greatest deviation. 

Tho light which enters tho drop iu parallel rays will thorefore emerge, spread 
over the entire space between e p and c <i ; but haring its greatest intensity near 
the direction e p, and rapidly diminishing towards c d, 

If A Y, fig. 414, represent the position of the line rp of fig. 413, the dotted 
curve, by its height above A X, will show bow rapidly tho intensity of tho 
light fades away, as the distance from ep increases 414 

toward c d, where the intensity is zero. 

Since wo have at every angle between e p and r d, 
parallel rays which have traversed different paths 
through the drop, we shall have all the phenomena of 
bright and durk bands, produced by interference. 

The intersection of the emergent rays will form a 
eaustic curve k </, tangent to the circle at k, and up- . 
preaching constantly to parallelism with tho asymptote r p, which it will never 
meet. If the emergent rays between e and r were exlciidod backwards, they 
would form another caustic h l , having e p produced backward for its asymptote. 
The caustic curve h l , commences in a direction perpendicular to tho surface of 
tbe drop, and approaches the asymptote without ever touching it. The curves 
9 r, formed by unwrapping a thread from the caustic k 9, and q r% formed by a 
thread from the caustic / h, show, by their gradual separation, tbe amount of 
retardation of tbe wave surface of tbe two sets of parallel rays which interfere 
between r p and c d. 

’According to the undulatory theory, we shall have bright bands where the 
rays have traversed equal distances, or distances differing by any number of 
entire vibrations, and dark bauds where the rays differ by an odd number of half 
vibrations. 

These bright and dark bands are readily seen, with proper precautions, with 
light reflected from a drop of water suspended at tbe point of a fine glass tnbe. 
When monochromatic light is used, thirty or forty of these bright and dark bands 
may be counted. 

The breadth of the bright and dark bands varies with tbe size of tbe drop 
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from which the light is reflected. The interference bands vary also for the dif* 
terent colors, being nearly twice as broad for red as for violet light. When 
white light is employed, the first red band only is pure, the other bands being 
more or less confused by the unequal super-position of different colors. 

If we consider only the first two bright bands of each color, we can 
easily explain the common phenomena of the rainbow. A little within 
the caustic curve, k q, fig. 413, on its convex side, we shall have a 
bright light, represented in intensity by the curve a, fig. 414, and a 
second band of the same color at b, of feebler intensity. As the refrac- 
tive index for red rays is less than for the other colors, the red will 
diverge more from the incident ray, after refraction, than the violet, 
and other colors will appear intermediate. 

Suppose now that in a shower of rain a ray of light from the sun 
falls upon a drop of water at r, fig. 415, and is reflected from its posterior 
surface, so as to give to the eye the 415 

red ray of maximum intensity, r E, a 
drop below it will give a violet ray of 
maximum intensity, r E, and interme- 
diate colors will be formed in the same 
manner by intermediate drops. Let 
the planes of incidence and reflection 
revolve about a line S K S, drawn from 
the tun through the eye of the ob- 
server ; the position of the drop 
from which light can reach the eye 
will describe the arch of the rainbow. 

The radius of the primary rainbow measured from the extreme red 
was found, by Sir Isaac Newton, to be 42° 4'. 

The purity of the several colors in the rainbow is the result of inter- 
ference, which produces dark hands for each particular color, giving a 
clear space for the delineation of the other colors of the rainbow before the 
first color is repeated. When the rain-drops differ greatly in size, as is 
often the case, the different colors of the first and second interference 
bands overlap and mingle together, and the bow is but imperfectly 
developed. 

A secondary rainbow, with violet above ami red below, is formed by light 
which has beon twice reflected within the drops, ns shown in fig. 415, the rays 
entering the lower border of the d*op, and emerging near, the upper border. The 
tame principles of interference determine the purity of colors, and angle of 
maximum intensity, as in the primary bow. The loss of light occasioned by 
two reflections accounts for the feebler intensity of the secondary bow. In 
tbs secondary bow, the order of colors is the reverse of the primary, 
being outermost. 
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Kewton found the distance between the primary and secondary rainbows In 
be 8° 30'. 

▲ spurious rainbow is often seen within the primary bow, as shown al 
pq, fig. 415. This is formed by the second bright band of each color, the 
position and intensity of which is represented at b, fig. 414. A third and fourth 
bow is also sometimes seen, still iuterior to the second, but the colors of the 
third and fourth orders are so much mingled that ouly two or three apjear in any 
bow interior to the first spurious bow. 

537. Fog-bows. — Halos. — Coronas. — Parhelia. — Fog-bows, which 
tre sometimes seen, differ from the rainbow by the extreme minuteness 
#f the spherules of water from which the reflection takes place. 

Halos are prismatic rings seen around the sun or moon, varying 
from 2° to 40° in diameter: these are explained by reflection from 
m : nute crystals of ice floating in the atmosphere. 

Coronas , encircling the moon, are formed by reflection from the 
external surface of watery vapor, the light thus reflected interfering 
with direct light from the same source. They geuerally indicate change 
of weather. 

Parhelia , and bands of light passing through the sun, are also attn 
buted to reflection from prisms of ice. 

Many of these phenomena require for their explanation a refinement of inves- 
tigation not proper to be introduced in an elementary work. 

538. Atmospheric refraction causes all bodies not directly in 

the zenith to appear inoro elevated than they 416 # 

really are. 

Let A It C P, fig. 41P», represent, the external surface 
of the atmosphere, and the inner circles strnta of in- 
creasing density around the earth, K. Light from any 
of the heavenly bodies situated at u or r will suffer 
refraction by every stratum of air more dense than the 
preceding; and by a gradually increasing density, it 
will be made to travel in curved lines, until entering the eye of the observer, the 
bodies at n and c will appear situated at b and d. 

539. Looming is a term applied to the elevation 
of objects at sea which appear raised above their real 
position by atmospheric refraction. 

Islands often appear thus raised above the water, and an 
Inverted iinnge is seen below them. Distant vessels sometimes 
appear above the horizon, when their distance is so great that 
they would he far below the horizon if they were not elevated in 
Appearance by extraordinary refraction. 

In peculiar states of the atmosphere, ships have appeared 
suspended in the clouds, and occasionally an inverted image 
has appeared below, when the real ship was mostly below the 
horizcu, as shown in fig. 417. 

540. The mirage, often seen in Egypt, and sandy deserts, ia 

85 
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eaused by rays reflected from strata of air heated by the burning 
sands. Distant objects are seen reflected by the heated air as in 

418 



the waters of a beautiful lake, which disappears as the thirsty 
traveler approaches. The phenomena of the mirage are Bliown in 
fig. 418. 

III. POLARIZATION OF LIOIIT. 

841. Direction of luminous vibrations. — The phenomena of 
polarized light are justly regarded as the most wonderful in the whole 
science of optics. These phenomena are most readily explained and 
understood hy reference to the undulatory theory. It has been stated 
(308) that the vibrations of light move at right angles with the direc- 
tion of the rays. 

This gpocies of vibration may be illustrated by those of a cord, made fast at 
one end, and moved rapidly upward and downward by the baud shaking the 
other extremity, os shown in fig. 419. If 419 

we suppose another rord vibrating from 
right to left, mid others in evory inter- 
mediate direction, wo may form a tolerably 
elear idea of the vibrations of a collection 
of rays in a beam of ordinary light. A 
single luminous atom may bo supposed to originate vibrations moving in ot’j 
• single plane, but an infinite number of independent luminous atoms, consti- 
tuting a luminous body, will produce vibrations moving in every possible plane, 
which may lie illustrated hy revolving that plane around the line representing 
the direction of a ray of common light. 

542. Transmission of lnminons vibrations. — Opaque substance* 
allow no luminous vibrations to pass through them. S.*me bodiss 
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transmit nearly all the luminous vibrations which full nj on them; 
other bodies are capable of transmitting only those vibrations o! light 
contained in a single plane, or that portion of the vibrating force which 
can be resolved into vibrations in that plane. Other bodies, capable 
of vibrating in two directions, reduce all the vibrations which they 
transmit to vibrations in the two planes in which these bodies them- 
selves are capable of vibrating. Some bodies, by reason of the position 
in which an incident beam of light falls upon them, alter the direction 
of the vibrations which they transmit, and thus produce a beam of 
light, whose vibrations are all limited to a single plane. 

543. Change produced by polarization of light. — A beam of 

light is said to be plane polarized when all its vibrations move in a single 
plane, or in planes parallel to each other. This may ho illustrated by 
a bundle of Stretched cords, all vibrating in one direction. If the cords 
differ in size or tension, the lengths of their vibrations will differ. This 
may illustrate the vibrations of different 42 () 42 l 

colors, which vary in the lengths of their 
vibrations (531). A round rod may be 
taken to represent a small beam of com- 
mon light, and the rudii shown in fig. 

420 may represent the transverse vibra- 
tions by which light is propagated in 
ordinary media. Fig. 421 will then represent a transverse section of a 
polarized beam, with vibrations in planes parallel to each other. 

544. Resolution of vibrations. — The principle of resolution of 

forces (50) will enable us to understand bow vibrations, in an infinite 
number of planes passing through the general direction of a beam of 
light, may be resolved into vibrations in two planes, making with each 
other any required angle. If O E, fig. 422, represents the direction and 
intensity of a vibration, it will be equivalent 422 

to 0 a and O r f in axes, at right ungles to 
each other. Vibrations represented by 0 F, 

0 0, and O II, may, in the same manner, be 
resolved into vibrations in the axes A B and 
C D. Then O a + O «' + 0 h -f O 1/ will 
represent the intensity of the resulting vibra- 
tions in the axis A B, and 0 r. j 0 r' -f 0 d 
-|-Od / will represent the intensity of the 
resulting vibrations in the axis C I>. If w ? e 
thus resolve vibrations in an infinite number 
of planes into vibrations in the axes A B and C D, the sum of the 
resulting ii ensities in the axis A B will be exactly equal to the sum 
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of the intefiHiticH in the axifi CD. A ray of common light may that* 
fore be considered as consisting of vibrations moving in two planes at 
right angles to each other. Any medium that will, either by its posi- 
tion or internal constitution, separate light into two parts, vibrating in 
planes at right angles to each other, will produce that change denomi 
nated polarization of light. 

545. Light polarized by absorption. — Certain crystals have the 
remarkable property of polarizing all the light which passes through 
them in particular directions. They appear to absorb part of the light, 
az.d cuusc the remainder to vibrate in a single direction only. 

If a transparent tourmaline is cut into plates one-tbirtieth of an inch thick 
and polished, the plane of section being parallel to the vertical axis of the 
hexagonal prism in which thin mineral crystallizes, the light transmitted through 
such a plute will he polarized. If a second plate is placed parallel to the first, 
as shown in fig. 423, the light transmitted 423 424 

through the first plate will also he trans- 
mitted through the second plate; but the 
light will he entirely obstructed if the axis 
of the' second plate is placed at right angles 
with that of the first, us shown in fig. 424. 

A plute of tourinuliiie becomes, therefore, a 
convenient means of polurizing light, and 
also an instrument for determining whether 
a ray of light has been polarized by other means. A tourmaline plate so used is 
called an analyzer. Crystalline plates of sulphate of iodo-quinine (called llera- 
pathite, from the name of their discoverer, Mr. Herapath), act in all respects 
like plates of tourmaline. 

54G. Polarization by reflection. — When light falls upon a trans- 
parent medium, at any angle of incidence whatever, some portion of 
the light is reflected. When the incident light falls upon the medium 
at a particular angle, which varies with the nature of the substance, all 
the reflected light is polarized. 

Let (}, <1, fig. 425, bo a plate of glass or any other transparent medium, aud 
let a ray of light, a b, full upon it at such an angle that the reflected ray, < e, 
•hall make an angle of 90° with the refracted ray, 425 

b d, then the rollvctod Tay b c, which represents but 
a small portion of the incident light, will be polarized. 

If the modiuiu is bounded by parallel surfaces, the 
portion of the light reflected from the second surface 
Will also bo polarized. 

The anglo of polarization by reflection may be de- 
termined by the following law. The tangent of the 
ungle of incidence for tchirh the refected rag ii polarized, ie equal to the index 
of refraction for the refecting medium. This law supposes the reflecting sub- 
•tauoe me 'e deuse than the surrounding medium. If the light is reflected from 
the second surface, as when passing from glass or water into lir; the index of 
refraction equal z the cotangent of the angle of polarization. The polarising 
angle for reflection from glass, is 56° 25', reckoned from the perpendicular 
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The polarizing angle for water is 53° 11\ As the index of refra *tion varies for 
different colors, the polarising angle varies in the same manner. 

If a polarised raj falls upon a reflecting surface at the angle of polarisation, 
and the reflecting surface is rotated around tho 426 

polarized raj as an axis, when it is so placed that 
the plane of incidence corresponds with the piano 
in which the raj was polarised, the polarised light 
will be reflected just as if it were not polarised ; 
but when the plane of incidence makes an angle 
of 90° with the plaue of polarisation, the light is 
entirely intercepted, as shown in tig. 426. In this 
respect a reflecting surface, at tho proper angle of 
incidence, serves the purpose of an analyser, just 
like a plate of tourmaline. 

Polarization by metallic reflection. — To obtain a beam of piano 
polarized light by reflection from metallic plates, the light must bo 
reflected many times at the angle most favorable to polarization. A rny 
of light once reflected from a metallic plate at tho most favorable angle 
appears to consist of light vibrating in two planes, in one of which the 
phase of vibration is retarded from 0 to $ of a vibration behind the light 
vibrating in the other plane. This is called elliptical polarization. 

When the two planes of vibration are at right angles to ouch other, 
and the phases of vibration differ by j of a vibration, the light is said 
to be circularly polarized. 

The diamond, sulphur, and all bodies possessing an adamant ino 
lustre, produce elliptical polarization, and if employed as analyzing 
reflectors, they change plane polarized to elliptieally polarized light. 
The investigation of these varieties of polarized light would exceed the 
limits of an elementary work. 

547. Polarization by refraction. — When light is polurized by 

reflection from either the first or the second surface of a transparent 
medium, a portion of the transmitted light is polarized by refraction. 
The amount of light polurized by refraction is just equal 427 

to the amount polarized by reflection, but as the amount 
of light transmitted by transparent substances very* 
much exceeds the amount reflected from their surfaces, 
only a small portion of the transmitted rays are polar- 
ized, or, more properly, tho light transmitted through a 
single plate is hut partially polarized. 

548. Polarization by successive refractions. — 

If a ray of light, R R', is transmitted obliquely through 
a number of parallel transparent plates, as shown in fig. 

427, a portion of the light is polarized at every refrac- 
tion, and after r sufficient lumber of refractions the whole of the trass' 
mitted light is polarised. 

86 * 






as shown in the figure, wls-n the light is said to 
Ik* completely polarized. Tin* portion of light 
reflected, uudergors a similar writ's of changes, until tlio axes of vibration 
sensibly coincide, in a plane ftt right angles to their position in light polarized 
by refraction. 



550. Double refraction in a property in certain crystals that causes 
the light passing through them in particular directions to be separated 
inti» two portions, which pursue different paths, and which causes 
objects seen through the crystals to appear double. 


Tho most remark aide substance of this kind with which we are familiar, if 
Iceland spar, or curhounte of lime, which crystallizes 
in tho rhombic system, as shown in fig. 430. The 
line a l, about which all its faces are symmetrically 
arranged, is called the major axis of the crystal, and 
the plane <i v t> *1, passing through the axis, and 
through the obtuse lateral edges, is called the plant 

430 

If a crystal of Icclaud spar, from 
half an inch, upward*, in thickness, is 
laid upon a sheet of paper, which 
are drawn various lines, they will 
appear double, as shown in fig. 431. 

A lb <' 1>, K r, (5 11 , are the real lines, seen in their true positions. The dotted 
lines allow th» position of the additional lines, caused by extraordinary ref roe* 
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Cob. The line A B, in the plane of principal section, is not double!. Any lint 
parallel to A B, will also appear single. 

The index of refraction for the ordinary ray remains constant, in whaterei 
direction light passes through the crystal. The iudex of refraction for the 
extraordinary ray, when parallel to the axis, is the same as that of the ordinary 
ray, and differs most from the ordinary ray when it passes through the crystal 
at right angles with the axis. 

The index of refract ior. for the ordinary ray in Iceland spar in coil* 
etantly 1.G543 — m. The index of refraction for the extraordinary ray, 
when it makes an angle of <30° with the major axis, is 1.4833 — n. Let 
* b the angle which the extraordinary ray makes with the major axis 
in any other position, and let N = the corresponding index of refraction 
for the extraordinary ray, its value may he determined by the following 
formula : — 

A = i t (/< 9 — ttr 1 -in * x =-; \/ 12.7307 — 0.530.') sin 9 *. 

551. Positive and negative crystals. — Positive crystals are those 
in which the index of refraction fur the extraordinary ray is greater 
than for the ordinary ray, and the extraordinary ray is refracted nearer 
to the axis than the ordinary ray. Quartz and ice aro examples of this 
class. 

Negative crystals are such as have the index of refraction for the 
extraordinary ray less than for the ordinary ray, the extraordinary ray 
being refracted farther from the axis than the ordinary ray. Iceland 
spar, tourmaline, corundum, sapphire, and mica, are examples of nega- 
tive crystal*. 

Some crj T stals have two axes of double refraction, as nitrate of potash, 
sulphate of barytes, and some varieties of mica. 

552. Polarization by double refraction. — When the light trans- 
mitted through a doubly , refracting substance is examined with an 
analyzer, it is found that both the ordinary and extraordinary rays aro 
completely polarized, whatever be the color of the light employed. The 
tourmaline plate, or other analyzer, will, in one position, transmit the 
ordinary image and wholly intercept the other, but when 432 


the tourmaline has been rotated U0°, the ordinary ray is 


intercepted, and the extraordinary ~ny is transmitted. 



553. Nicol’s single image prism is an instrument 

K 



formed of Iceland spar, by which the ordinary image, pro- 

\ 



duced by double refraction, is thrown out of the field, and 

K 


d 

only a single image (the extraordinary) is transmitted. 



\ 

An elongated prism of Iceland spar ii* cut through by a plane, 




B F, at right angles with the principal ruction, from the obtuae 
■olid unglc E, fig. 432, making an angle of 22° with the obtune 


% 



lateral edge K. The terminal face, P, is ground awaj, to as to make an anglt 
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of 68° with the obtuse lateral edge, K, and the jpposite face, P is ground in 
the same manner. All the now faces aro carefuLy polished, and the two parts 
are cemented together again with Canada balsam, in the same position they 
previously occupied. The lateral faces of this compound prism are all painted 
black, leaving only tb® terminal faces for the transmission of 
light. 

When a ray of light, a b , fig. 433, falls upon this prism, it is re- 
fracted into the ordinary ray b c, and the extraordinary ray h d. The 
index of refraction of Iceland spar, for the ordinary ray, being 1.654, 
and that of balsam only 1.536, the ordinary ray cannot pass through 
the balsam, unless the incident ray diverges widely from the axis 
of the prism, but it suffers total reflection, and is absorbed by the 
blackened side of the prism. The extraordinary ray has a refrac- 
tive index in the Iceland spar generally less than in the balsam, 
varying, for Nicol’s prism, between 1.5 and 1.56 ; therefore it passes 
through the balsam into the lower part of the prism, and emerges 
in the directioi g h, parallel to the incident ray. 

These prisms are capable of transmitting a colorless pencil of 
light, perfectly polarized, from 20° to 27° in breadth. 

554. Polarizing instruments are made in a variety of forms, to 

suit particular purposes. A simple instrument, and yet one of the 
most convenient in use for exhibiting the phenomena of polarized light, 
is shown in fig. 434. 434 

A mirror, M, made of plate glass, B ^ 

covered with black varnish or cloth 
on the back, or, better, a bundle of 1 ^WjL 
ten to twenty thin plates of polished Jl Vb 

glass, is mounted on a mahogany 
support at the polarizing angle. A paK 
Nicol's prism, or a tourmaline plate, 
at E, serves as an analyzer. The 

objects to be examined are mounted in disos of wood or cork, and supported at 
A or B, where they are most distinctly seen by the eye, looking through the 
analyzer. The student who has not a tourmaline, or a Nicol's prism, can use 
as an analyzer a small piece of plate glass, mounted so as to rotate on an axis 
parallel to the base of the instrument 

Polarized light may be applied to the microscope, by mounting a 
Nicol's prism beneath the stage as a polarizer, and another for an 
analyzer, in the body of the microscope, above the object glass. 

555. Colored polarization. — When a thin plate of selenite, mica, 
or any other doubly refracting substance, is placed between the polarizer 
and the analyzer in the polariscope, the light is separated into two 
beams, which follow different paths, and as the vibrations of one ray 
are more retarded than those of the other, when they are reunited 
they interfere, and produce the most beautiful colors, varying with the 
thickness of the plates, and the position of their axes with reference to 
the axes of the polarizer and the analyzer. 
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• If the film U rotated, while the polarizer and analyser remain fixed, the eolot 
will appear at every quadrant of revolution, and disappear in intermediate 
positions. If the film and the polarizer remain fixed, and the analyzer is rotated, 
the color will change to the complementary at every quadrant of revolution ; 
that is, the same color will be seen in positions of the analyzer differing 180°, 
and the complementary color will he seen at 90° and 270°, from the first position. 

Films of selenite, varying between 0*00124 and 0*01818 of an inch in thickness, 
will give all the colors botween tho white of Ncwtou's first order, and whits 
resulting from the mixture of all the colors. If two films of selenite are placed 
over each other, with their axes parallel, the color produced will ho that which 
belongs to tho sum of their thicknesses. But when the two films are placed with 
their axes at right angles, the resulting tint is that which belongs to tho differ- 
ence of thoir thicknesses. 

55G. Rotary polarization is a property which some substances 
possess of changing the plane of vibration in a ray of polarized light, 
even when it falls perpendicularly upon it. Tho entire amount of 
rotation depends upon the thickness of the medium. Quartz, cut 
transversely to its major axis, solution of sugar, camphor in tho solid 
state, and most of the essential oils, possess the power of rotating the 
plane of polarization of a ray passing through them. 

Different substances, and sometimes different specimens of the same substanoe, 
rotate the plane of polarisation In contrary directions. When the rotation takes 
place in tho direction of the motion of the bands of a watch, the medium is 
•aid to have right-handed polarisation. Thus we have right-handed quarts, and 
left-handed quarts. 

In a beam of white light, the vibrations which produoe red have their plans 
of polarisation rotated much more than the colors of greater refrangibillty. 
This property varies inversely as the squares of tho lengths of the luminous 
waves which produoe the several colors. The power of rotating the piano of 
polarisation becomes a valuable test for speedily determining tho naturo of 
various chemical substances, o^the strength of a solution of any substunoe 
having this power. "Solid's laceharimeter, for measuring the relative amount 
of cane and grape sugar in solutions or syrups, is constructed on this principle. 
Such an instrument affords also a ready method of detecting tho presence of 
sugar iu diabetic urine.' 

557. Arago's chromatic polariscope is a very simplo instrument 
for testing polarized light, and for determining its plane of polarization. 
In one end of a brass tube is inserted a prism of Iceland Rpar ; in the 
other end of the tube a circular opening is covered by two plates of 
quartz cut parallel to the axis and united by their edges, one of those 
plates having right-handed, and the other left-handed, rotary polari* 
cation. 

When polarized light is viewed through this instrument (tho Iceland 
spar being turned towards the eye), the circular opening upjpears 
double, and in each image is seen the line dividing the two plates of 
n tary quartz, with complementary colors on opposite sides of the line. 
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If the instrument is now rotated, two positions will be found at right 
angles to each other where both parts of the opening in the same image 
appear of a uniform tint, though the two images still have comple- 
mentary colors. 

When both segments of the extraordinary image have a uniform red 
tint, the principal section of the prism is parallel to the plane in which 
the light has been polarized, and when both segments of the extra- 
ordinary image are uniformly green, the plane of polarization is 
perpendicular to the principal section of the prism. 

A plate of selenite or mica, or a singlo plate of quartz, may be substituted for 
the two segments of right and left-handed quartz, and two images with com- 
plementary colors will be seen as before. All the phenomena of atmospheric 
polarization inay be demonstrated with this form of the instrument, and the 
plane of polarization may ho determined, but with less accuracy than in the 
first form of the instrument. As before, when the extraordinary image is red, 
the plane of polarization is parallel to the principal section of the prism. When 
the extraordinary image is green, the piano of polarization is perpendicular to 
the principal section of tho prism. 


558. Colored rings in crystals. — Colored rings of great beauty, 
with a black cross, are seen in thin plates of doubly refracting crystals, 
when viewed in certain directions, with polarized light. 


Figs. 435 and 436, show the appearance of the rings and cross in thick plates 
of quartz, in positions at 90° from each other. Other uniaxial crystals show a 
similar system of rings beautifully colored. Figs. 437 and 438 show the form 
435 436 437 438 



of the colorod rings in biaxial crystals; e. g. some micas. Every dously 
refracting crystal presents some peculiarity in the form and arrangement of the 
colored rings seen in its thin sections. This subject is of great interest to the 
mineralogist. 


559. Polarization by heat, and by compression. — Glass irregu- 
larly heated, or heated and irregularly cooled, possesses the power of 
double refraction, and when viewed by polarized light, it exhibits dark 
crosses, bands, or rings, varying with the form of the glass, and differ- 
ence of density in different parts. Similar phenomena may be produced 
by compression, or by bending rods or plates of glass* 
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500. Magnetic rotary polarization. — If a thick plate f glass ia 
applied to the poles of a powerful electro-magnet, the glass is neither 
attracted nor repelled ; but if a ray of*polarized light is transmitted 
through the plate in a certain direction, the plane of polarization is 
rotated as by a plate of quartz, or other rotary polarizer, showing 
that light and magnetism have some intimate relation to each other. 

This rotary effoct may depend upon chango in tho tension of the molecules 
of the glass by the magnetic force, and not upon any'direct relation botweca 
light and magnetism. 

501. Atmospheric polarization of light. — The light of the sun 

reflected by the atmosphere is more or Icsn polarized, depending upon 
the angular distance from the sun. 

If the earth had no atmosphere, the sky would everywhere appear perfectly 
black. The color of the sky is produced by light, reflected by the atmosphere. 
If we look at the sky through a Xicol's prism, we shall find, on rotating tho 
prism, that light from some parts of the sky is polarized to a very appreciable 
extent. There are several points in the sky where no polarization is perceptible. 
The poiut in the heavens directly opposite to the sun is called the <xnti-*olar 
point. At a distance above the anti-solar point, varying from 11° to 18°, there 
is a point of no polarization, and another neutral point at un equal distance below 
tho anti-solar point. Another neutral poiut, or poiut of no polarization, is 
found from 12° to 18° above tho sun, and a similar one below it ; but the latter 
is observed with great difficulty. When the sun is in the zenith, these two points 
coincide in the sun. At all other points in tho sky, the light is more or less 
polarized, the degree of polarization amounting sometimes to moro than ono- 
half os much as by reflection from glass at the angle of complete polarization. 

562. The eye a polarisoope. — The structure of the crystalline lens 
is such, that the unaided eye is capable of analyzing a beam of light 
polarized by reflection or by double refraction. A person accustomed 
to use his eyes in viewing the phenomena of polarization, can thus 
detect with ease facts of this nature, which are wholly inscrutable to 
one not familiar with such observations ; another of tho numerous 
proofs we have that the eye is capable of very exact training; but 
nevertheless it is a proof also of an imperfection in the eye itself. 

M. Haidinger has observed a remarkable phenomenon of polarized light, Vy 
which it may he recognised by the naked eye, and its plane of polarizaticn 
ascertained. This phenomenon consists in the appearance of two brushes of a 
very pale yellow color, the axis of which coincides always with the traoe of 
the plane of polarization ; these are accompanied, on either side, by two patches 
of light of a complementary or violet tint. In order to see them, the plane of 
tho polarization of the light must be turned quickly from one position o another ; 
this may be done by revolving before the eye a Nicol’s prism directed towards 
a white cloud. 

The most probable explanation is that given by M. Jam in, in which the pro- 
duction of the phenomenon is ascribed to the refracting coats of the eye. they 
being compared to a pile of parallel plates of glass. 



392 


PHYSIOS OF IMPONDERABLE. AGENTS. 


563. The practical applications of polarized light Are nume- 
rous. The water telescope consjsfcs of an ordinary marine telescope, 
with a Nicol’8 prism inserted in the eye-piece. 

The light reflected from the surface of the water is the principal obstruction 
to viewing objects beneath its surface. Nicol’s prism, in a certain position, 
entirely cuts off the polarized portion of the reflected light, and allows objects 
far below the surface to bo seen in the telescope. A Nicol’s prism, in the same 
meaner, will enable the fiaherman to direct his spoar with greater certainty. 

Amateurs, in visiting galleries of paintings, find Nicol’s prisms 
mounted as spectacles of great service. Let the observer place him- 
self in an oblique position, and look at an oil painting ; when the sheen 
of reflected light renders the objects in the painting invisible, he has 
but to look through a Nicol’s prism, set in a proper position, and the 
entire details of the painting at once become visible in all their proper 
colors. An opera-glass, provided with NicoPs prisms, would be a 
valuable instrument in examining a picture gallery. Polarized light 
is also of great value in microscopic investigations. 

Fig. 439 shows the appearance of a grain 439 440 

of starch, brilliantly illuminated on a dark 
ground, when seen in the microscope with 
polarized light. By rotating the analyzer, 
the fluid becomes light, and the dark cross 
changes its position, as shown in fig. 440. 

The appearance of the starch distinguishes 
it from every other substance. Different 
kinds of starch are also thus readily dis- 
tinguished from each other. 

By means of polarized light, the chemist can detect one thirteen- 
millionth of a gramme of soda, and distinguish it from potassa or any 
other alkali. In physiological chemistry, especially in the examination 
of crystals found in various cavities and fluids of both animals and 
plants, the use of polarized light is especially important. 

Instead of a few isolated facts, of interest only to the curious inquirer, 
the polarization of light presents itself as a great fact in nature, meet- 
ing us with wonderful revelations in almost every department of natural 
science. By this marvelous property of light, the astronomer detern ine« 
that the planets shine by reflected light, and that the stars are self 
luminous bodies. 



Problems in Optics. 

Velocity and Intensity of Light. 

177. What time is required for Ught to come to the earth from the ran, tht 
Slltai ot being 95,000,000 miles ? 
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178. How long does it take the light of tko north star to reach the earth, the 
distance being estimated 2,961,000 times greator than the distance of the earth 
from the sun ? 

179. Two lights give equal illumination upon Bunsen’s photometer, wkon it 
Ls placed between them at a distance of 3 feet from ono light, and 4 feet 7 
inches from the other; what is their relative illuminating power? 

ISO. A screen is equally illuminated by two flames, when one of them is 40 inehos 
from it, but when a plate of glass is interposed, the same light is required to be 
brought to a distance of 38 inches that the illumination may bo again equal; 
what proportion of the light is transmitted by the glass? 

181. At one extremity of a bur. 100 inches long, is placed n standard candle 
turning 120 graius per hour ^ the usual stuudard in photometric measurement! 
of gas), at the other end is a gas burner consuming 5 cubic feet per hour. A 
BunseL’s screen, moving on this bar, is distant 17, 3 0 inches from the can do, 
when both sides are equally illuminated; wlmt is the illuminating power of the 
gas in terms of the candle as a unit? 

182. By a similar trial, the photometer is 1 9 , inches distant from the 
ftapdard candle when the disc is equally illuminated, but it is found that tho 
caudle <8 burning 129 grains per hour, while the gas burner consumes only 4| 
oubic feet of gas per hour; what is the illuminating power of i> cubic fuel of 
this sample of gas in terms of the Standard cuudlc at 120 grains as a unit? 

Reflection of Light. 

183. At what angle must two mirrors be inclined, so that a ray of light, inci- 
dent parallel to ono mirror may, after reflection at each mirror, be parallel to 
the other ? 

184. How many images will be seen in a kaleidoscope whon the two mirror! 
of which it ia composed are placed at an angle of 20° ? 

183. A concave mirror collects solar light to a focus 6 inches from its surface; 
where will it form an image of an object placed 12 feet, in front of it? 

186. A luminous point is placed at a distance of 3 feet in front of a concave 
mirror of 1 foot radius ; find the distance of the focus of reflected rays. 

187. What must be the position of a luminous point before a concave mirror, 
that the distance between the foci of incident and reflected rays may be equal to 
ihe radius of the mirror ? 

Refraction of Light. 

188. Find the thickness of a piano glass mirror silvered at the back, so that 
an object ono foot in front of its first surface may have tiie image formed by 
reflection at the second surface twice as distant from the object us if the reflec- 
tion took place from the first surface; die index of refraction being 11 = 1 J. 

189. A fish is seen in a position known to be 4 feel below the surface of the 
water, and the direction in which it is seen makes an angle of 43° with tht 
perpendicular; at wbat angle must a lance be thrown to strike the fish ? 

190. If a pool of water appears to be 5 feet deep, wbat should we consider it! 
feal depth ? 

191. A small pencil of solar rays, incident upon the surface of a refracting 
sphere, is brought to a focus upon tho opposite surface; wbat is tbe refractive 
ln6ex of the material of which the sphere is made? 

192. A small pencil of light falls upon a concave spherical surface of glass 
(n = 1|), tbe radius of which is 2 feet. Supposing the radiant point distant 3 tool 
from the refracting surface, where will the foci* of the refracted rays be found/ 
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193. When divergent rays are incident from a certain point uptn u sp herbal 
surface of glass, the refracted rays are found to converge to a focus at exactly 
the same distance on the opposite side of the surface; is the surface convex or 
concave? and if the position of the point of incidence be 3 feet from the infract- 
ing surface, and » = 1*5, what is the radius of the refracting surface? 

194. A double convex lens of glass ( n = 1*534), whose radii are respectively 
2 inches and 4J inehos, is placed 15 inches before a luminous point ; what is the 
position of the focus of refracted rays ? 

195. What is the form of a double convex lens, having the least spherical 
aberration, when the glass of which it is made has an index of refraction 
m = 1*635 ? 

196. What is the distanco of the principal focus from a lens of flint glaaa 
(n = 1*635) whose radii are, r = 2£, and a == — 5? 

197. What single lens is equivalent tc a combination of a double convex leas 
of focal length 2 inches witli a double concave lens of focal length 4 inches? 

198. Determine the form of two lenses of flint and crown glass, that may bo 
cemented together so as to constitute a plano-convex achromatic combination 
of 7 inches focal length, using flint-glass in which m = 1*635, and the disper- 
sive power ;> = 1000, and crown-glass n = 1534, and/>' = 625. 

199. Two convex lenses, whose focal lengths are 3/ and/, are separated by an 
interval of 2/; how must a pencil of rays be incident upon the first lens, so as 
to emerge parallel after refraction through the second lens? 


Optical Instruments. 


200. Considering the distance of distinct vision 8 inches, what will be the 
magnifying power of a lens whose solar focus is 3 inches, when it is placed at » 
distanco of 5 inches from the eye ? 

201. Calculate the radii of the two surfaces of a meniscus of crown-glass 

( " r ” K) ) t0 1,0 t-hc field-lens of Prof. Airy’s eye-piece (500), when the 

eye Urns has a solar focus of half an inch, and the field-lens is 2 feet from the 
object-glass. 


202. Calculate the illuminating power of Herschel’s great telescope, allowing 
l ft the incident light to be reflected by the speculum. 

203. On the same conditions calculate the illuminating and penetrating powers 
of Lord Rosso's great telescope (503). 

204. Estimate the illuminating and penetrating powers of the Cambridge 
refracting telescope (506). A =s 15 inches, a =s 01 inoh, x = 0*9, n ass 2. 

205. Compare the illuminating and penetrating powers of two achromatio 
objectives for the microscope, one of which has an angular aperture of 100°. 
and the other 150°, calling n as 6 in both cases, and x mb 0*8. 


Polarisation of Light 

206. Calculate the angles of most perfect polarisation by reflection from the 
tutec kinds of glass whoso index of refraction is given in § 407. 

2 °!4 pr l oportion of the incident light is reflected in each of the cases 
tonsMerod in the last problem, supposing the increase of reflection uniform 

page°299 ?°^ tW<> angl ° 8 Wh ° M amount of refl<iCtion is given in the table, 

208 . What is the index of refraction for the extraordinary ray in Ieelano 
spit, when it makes an angle of 54® with the principal axis of the prism? 
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CHAPTER II. 

HEAT. 

2 1. Nature of Heat 

564. Heat. — Its nature. — The sensations, which we call heat 
or cold, are produced by an agent or cause whose real nature is 
unknown. Whatever this agent may be, it influences matter of all 
kinds without changing its nature. Scientific opinion is divided, 
chiefly, between two views of the nature of heat. These are. the 
corpuscular theory, or theory of emission , and the w inhibitory theory. 

According to the vorpmcular theory , heat is attributed to a peculiar imponder- 
able fluid, existing in all bodies in combination with their atoms. The parti- 
cles of this supposed fluid are self- repellent, and thus the atom?* of bodies are 
prevented from coming into absolute contact with each other. This fluid is thrown 
off from all hot bodies with inconceivable velocity, and upon its absorption by 
other bodies tho effects of heat are manifested. Thus hot bodies lose what 
colder bodies gain. 

By the undulatory theory, heat is attributed to the vibratory movements of 
the molecules of a hot body, communicutcd to those of other bodies, by means 
of a highly elastic fluid called ether. This ether pervades all spuec, and in it 
the undulations of heat are propagatod with inconceivable rapidity, in a manner 
analogous to the slower progress of sonorous waves in nir, as already explained. 
This same medium, by another kind of motion, is supposed to produce light 
and electricity. 

565, Temperature. — Heat and cold.— All bodies receive or part 
with heat, as their conditions change from time to time; the relations 
which they sustain to heat at a given moment are distinguished by the 
word temperature , which term implies nothing as to the quantity of heat 
present in a body, but only its relation at a specific time to an arbitrary 
standard. 

Heat and cold are relative terms ; cold implying not a quality antago- 
nistic to heat, but merely the absence of heat in a greater or less degree. 
There are no bodies so cold that they will not be warm to bodies colder 
than themselves. Our sensations give us but little evidence respecting 
actual changes of temperature. 

If we place one hand in hot and the other in oold water, and then suddenly 
transfer both to water having as in'erino *iate temperature, our sensations are 
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at «bm mened ; one band will feel cold, and the other warm, although both 
an exposed to the same temperature. 

566. Action of heat on matter. — Assuming that cohesion and 
heat are counteracting forces, it follows that the three states of matter 
are effects of the relative intensities of these two agencies ; and heat 
being a repellent force, its increase must be accompanied with an 
enlargement of volume in either of the three states of matter, while a 
loss of volume must accompany an increase of molecular foroe, or a 
k is of heat. 

Many familiar facts of daily* experience confirm this statement. All 
bodies (with few exceptions) expand with an increase, and contract 
with a loss of heat. The expansion may be measured by an increase 
of length ; in which case it is called linear expansion , or by an increase 
of volume, and then it is called cubic expansion. The first measure is 
commonly used for solids, the second for liquids and gases, but the first 
is easily converted into the second by cubing. Substances vary very 
much in their degree of expansion for the same increase of temperature: 
solids expand less than fluids, and liquids less than gases. 

*But the laws of expansion will be better studied after some acquaint- 
ance is obtained with the means of measuring differences of temperature. 

I 2. Measurement of Temperature. 

I. THERMOMETERS. 

567. Thermometers. — The measurement of temperature is accom- 
plished by observing the amount of expansion or contraction in any 
substance arbitrarily assumed as a standard for the purpose. Such an 
instrument, whether tho substance selected is a solid, a liquid, or a 
gas, is called a thermometer, or measure of temperature. For special 
purposes, thermometers are constructed with either solids, liquids, or 
gases. In much the greater number of cases, however, mercury is the 
only substance employed, not only because of its great range of tem- 
perature between freezing and boiling, but also because its changes of 
volume for equal changes of temperature are more nearly proportional 
to the temperature than those of any other liquid. 

568. Construction of mercurial thermometers. — Thermometei 
tubes. — A capillary glass tube of which a thermometer is to be made, 
should be one whose bore, throughout, is of the same calibre, so that 
equal lengths within it will contain equal quantities of mercury. The 
equality of tho bore is ascertained by causing a short cylinder of mer- 
cury (say one inch) to pass from end to end of the tube, and if it 
measures an equal leugth throughout, then the calibre is equal ; other- 
wise the tube is rejected. Only about one in six of thermometer tubes 
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lie found to possess a canal of equal bore. A proper tube haying been 
selected, a bulb (cylindrical or spherical) is blown upon it by means * 
of a gum elastic bag fitted to the open end. The breath would fill the 
tube with moisture. The form of the bulb is conventional. A cylin- 
drical bulb will be more readily affected by the temperature of the 
surrounding medium than a spherical one, because it exposes a larger 
surface. 

Filling the tube with mercury is facilitated by tying a paper 
funnel on the open end of the tube, or a glass reservoir, C, fig. 441, 
is employed to hold a portion of pure mercury. 

As so dense a fluid could not enter a capillary 
opening, the air in the bulb, D, is expanded by 
the flame of a spirit lamp, holding the tube 
as seen in the figure. As the air expands, a 
portion of it escapes, passing the mercury in 
C. Allowing the bulb D to cool, the pressure 
of the air soon forces a portion of the mercury 
from C through the capillary tube into the 
lower reservoir, exhibiting in its progress the 
successive stages of the capillary surfaces 
explained in g 235. The lamp is again ap- 
plied to boil the mercury in D, and “after 
several minutes, all the air and moisture 
are expelled from the tube by the mercurial 
vapor. The bulb is then cautiously cooled 
once more, when it will he found, as well as 
the stem, completely filled with mercury. The 
extremity of the tube, C, is then drawn out to 
a narrow neck, and broken off preparatory to 
sealing. A greater or less portion of the 
mercury remaining in the stem, must now be 
removed, according to the range designed to be indicated by the ther* 
mometer. This is accomplished by gently heating the bulb. When 
about two-thirds of the mercury contained in the stem has been driven 
out, and while the stem is yet full, the flame of u blow-pipe is directed 
upon the end of the stem, the glass melts, and the tube becomes her- 
metically sealed. 

500. Standard points In • the thermometer. — Graduation.-— As 

variations in the height of the mercurial column in the thermometer 
depend upon the changes of temperature to which it is subjected, it is 
necessary to graduate the instrument, or construct a scale, whereby 
three variations may be indicated, and the temperatures indicated by 
86 * 
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ooe thermometer compared with those shown by another. If ther| 
"existed a natural zero, or absolute limit to temperature, the thermo* 
metric scale might be numbered upwards from it. But there is no 
natural zero, and therefore the thermometric scale must be arbitrary, 
although based upon certain well-determined physical phenomena. 
Experiment has determined that the melting point of ice, and the boil- 
ing point of pure water, under certain given conditions, are always the 
same, and these points (called, respectively, the freezing and boiling 
points) have been adopted in all countries as the two temperatures, with 
reference to which thermometric scales are constructed. 

Freezing point. — To fix the freezing point in a thermometer, a tin vessel, 
like fig. 442, is filled with pounded ice or snow ; a hole in the bottom of the 
vessel allows the water from the molted ice to escape. Into this vessel the bulb 
of tbe thermometer is thrust, with part of the stem. 

When the mercurial column booomes stationary, that is, when the mercury 
contained in the bulb has attained the temperature of the melting ice, its level 
is marked with a diamond point, upon tbe glass, or with a pencil upon a paper 
previously attached to tbe tube. This indicates the melting point of icc, and 
consequently the freezing of water. This point may be indicated by tbe expres- 
sion, f° r the centigrade scale, or » n for the Fahrenheit scale. 

Boiling point. — This point is accurately fixed by immersing the whole 
thermometer in vapot' of boiling water. For this purpose Kegnault has contrived 
the apparatus, a section of which is seen in fig. 443. The course of the steam 
442 * 443 



rising through A, and descending in the outer vessel, is shown by the arrows, 
and the drawing is so easily understood as to neod no description. An equally 
efficacious apparatus may be made by using a chemical flask, in tbe elengatod 
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Mel it t whic. the thermometer is suspended by a cork, thi ugh which a small 
glass tube allows also the esoape of the steam. The stem of the thermometer (t) 
is adjusted so that the point a, to which the mercury rises when heated to the 
temperature of boiling water, is just visible above the cork. This point is 
definitely marked when the level of the mercury becomes stationary, thus ind- 
enting the boiling of water. Let this point be indicated by the expression » p 
whieh corresponds to the temperature T, at whioh the observation was made. 

This temperature T is equal to 100° C. or 212° F., when tlio barometric pres- 
sure is 30 inches (or 760 millimetres). But as the temperaturo of ebullition 
▼arias with the barometrio pressure, it is plain that the value of Twill vary with 
the height, ff t of the barometer. It is essential, therefore, to accuracy in 
graduating the thermometer, that the boiling point should be fixed when ths 
barometer is at 30 inches. 

After dividing the space botween the freezing and boiling points into as many 
equal parts as there are designed to be degrees in tho scale, tho divisions are 
continued both above and below tho fixed points. This mode of graduation 
involves, however, serious errors, some notico of which is taken in § 576. 

570. Different thermometric scales. — Having fixed these two 
standard points in a thermometer, the space between them is next tc 
be subdivided into a certain number of equal parts, called degrees 
Unfortunately, in different countries, this interval has been differently 
subdivided. In scientific researches, the Centigrade scale is almost 
exclusively in use, while in common life, in the United States, England, 
and Holland, Fahrenheit’s scale alone is used. 

Fahrenheit’s scale. — In the F&lren licit scale, tho interval between 
the boiling and freezing points is divided into 180 equal parts, which 
are called degrees. The zero, or 0°, of this scale, is 32 of these degrees 
below the freezing point. 

Fahrenheit adopted, as the zero of his thermometer, tho temperature which 
had been observed at Luntzic, Holland, in 1700, nnd which ho found ho could 
always reproduce, by using a mixture of ice and salt. At that temperature 
(which he believed to be an absolute zero of cold) he computed that his instru- 
ment contained 11,124 equal parts of mercury, which, when plunged into melting 
snow, were increased to 11,150 parts. Ilenec the space included between those 
two points (viz., 11,156 — 11,124 = 32) was divided into 32 equal parts, and 
32° indicates, therefore, the freezing point ol water. W lieu his thermometer 
was plunged into boiling water, Fahrenheit estimated that the mereury was 
expanded to 11,336 parts, or 212 parts above his zero, and therefore 212° 
(11,336 — 11,124 = 212) was marked as the boiling point of that fluid. In 
practice, Fahrenheit determined the boiling point of water, and the inciting point 
of ice, and then graduated the tube by equal divisions to his zero. To Fahren- 
heit belongs the merit of having introduced the use of mercury in thermometers, 
which had previously been made only with alcohol, water, or air, and li is 
graduation of the thcrmometric scale, although unscientific, is not irrational as it 
is often represented. 

Centigrade scale. — In the year 1742, the Swedish philosopher 
Celsius, professor at Upaal, introduced the Centigrade acale (fr)rn 
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centum , one hundred, and gradus , degree). It is adopted universal!} 
in France, and in the north and middle of Europe. The nterval be- 
tween the freezing and boiling points in this scale, is divided into 100 
equal parts or degrees ; the degrees being counted upwards ani down- 
wards, from the freezing point of water, which is zero. The tempera- 
tures below zero in this, as in all thermometers, are indicated by the 
negative algebraic sign — ; those above, by the positive algebraic 
oign -f ; thus — 20° signifies 20 degrees below zero, but -f 20° signifies 
2C degrees above zero. 

Reaumur’s scale. — Reaumur, a French philosopher, introduced his scale 
In 1731. lie proposed to use spirits of wine, of such a strength, that between 
the two standard points, 1000 parts should become 1080. He divided the 
Interval botween these points into 80 equal parts,* the zero being placed at the 
freezing point of water. Reaumur's thermometer was the only one used in 
Prance before the Great Revolution (a. d. 1780); it is still best known in Spain, 
and in some of the older European states. 

All tbermometric scales are purely arbitrary. We know only a 
small part probably of the vast possible range of temperature, and we 
select the two great natural phenomena adopted for the fixed points 
of our scales- because they can be readily verified, and because the 
range between them includes the temperatures which we have most 
occasion to measure in the common experience of life. 

571. Comparison and convenflbn of tbermometric scales. — 
The scale employed in a thermometer is indicated by the name, or by 
one of the initial letters, F., C., R. The degrees of one tbermometric 
scale are readily converted into those of another. Since 180° F. = 100* 
C. — 80° R„ therefore 1° F. = J° C. = |° R. 

Ai the value of a dogreo in Fahrenheit's thermometer is greater by 32 than 
tho number of divisions from the freezing point, 32 must always be subtracted 
before the -f- degrees of Fahrenheit aro converted into those of the other scales, 
and added upon the conversion of other degrees into Fahrenheit. 

Easy rules for mental calculation arc : — 1st, to convert Centigrade to 
Fahrenheit degrees, double tlte number of Centigrade degrees , subtract one- 
tenths and add thirty-two; or, multiply the Centigrade degrees by 1*8 and 
add 32°. And concisely, to reduce Fahrenheit degrees to Centigrade, 
subtract 32° from the Fahrenheit degrees , and divide the remainder by 1*8. 

572. House thermometers. — For common use, the thermometer is 
mounted on a plate of brass, ivory, porcelain, or wood, on which the 
degrees are marked, as in fig. 444. The words summer heat , blood heat 9 
and fiver heat , are often placed opposite the points 68°, 98°, 108° F. 

House thermometers are usually graduated by comparison with a standard, 
sad not by determining the two fixed points. For this purpose the standard 
(l in monad in a water bath with the tube to be graduated, and a number of 
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points are thus fixed, at different temperatures, as the bath slowly cools from boil, 
lug. The distances betweon the marked points are divided into oi\ua\ parts. 


This mode of graduation is capable of giving results accurate 
enough for common use, between boiling and freezing, say within a 
degree on Fahrenheit’s scale. But above aud below these points 
little reliance can be placed on it, and at low ami high temperatures 
common thermometers will he observed to vary often several 
degrees, evon when made by the best makers. 

S.-me thermometers have their graduated wooden support divided 
tsar the lower end into two parts, connected together by a binge, 
to that the lower part may be turned back, und the bulb thrust 
into any liquid whose temperature it is desired to ascertain. 

Other thermometers have their stem very small, and completely 
surrounded by a larger tube; the scale being marked upon a 
porcelain strip, or & roll of paper, inserted between the two 
tubes. 

In very .accurate thermometers, the degrees are marked on the 
glass tube with fiuohydric acid in a manner described in g 677. 

Tests of a good thermometer. — In order to ascertain 
whether a thermometer, is correct or not, it is first plunged 
into melting ice, and then into boiling water ; the »f 
the meroury should indicate upon the scale exactly 32°, aud 
212° F. When inverted, the mercury should fall with a 
sudden click, and fill the tube, thus showing the perfect 
exclusion of air. * 

To determine whether the value of the degrees is uniform, a 
slight jerk is given to the thermometer, by which a little cylinder 
of mercury is detached from the column. On moving the little 
column through the tube, it should occupy equal spaces in nil 
parts, if the bore is perfectly accurate, and the scale is properly 
graduated. 

Sensibility of thermometers. — The sensibility of a 
thermometer is of two kinds; it may indicate very small 
differences , or it may be very sensitive to sudden changes 
of temperature. 



If the capacity of the roservoir is large, compared with-tlie bore of the tuba, 
a slight change of temperature will affect, considerably, the height of the mer- 
curial column. If the capacity of the reservoir is small, and the glass bulb 
thin, the merenry contained in it will bo m ore rapidly affected than if a larger 
amount were to be acted upon. A cylindrical reservoir is, therefore, better than 


a spherical one, because it exposes a larger surface. 

The two kinds of sensibility indicated, are obtained in a thermometer whioh 
has a small cylindrical reservoir and a very capillary tube. 


573. Displacement of the zero point. — One source of error in the 
mercurial thermometer is found in the displacement of the zero point 
by changes subsequent to graduation. If a thermometer which has 


402 


MiVsics of i.m Ponderable agent*. 


been made Horae time is thrust into melting ice, the column of mercury 
will not sink to the original freezing point, but will remain at a distance 
above it, sometimes as much as two or three degrees, and even more. 

Mr. Legrand has found that the cause of ibis change is, that the capacity of 
the reservoir is enlarged at a high temperature (as during the construction of 
the thermometer), and that, it does not return to its original dimensiona unti 1 
after a long time, sometimes not until after two or three years. 

The effect is also supposed to arise from the pressure of the atmosphere upon 
tile bulb, which, when not truly spherical, seems to yield slightly and in a gradual 
manner. 

This defect may ho avoided by giving the bulb a certain thickness. Mr. 
Crichton's thermometers, of which the freezing point has not altered in forty 
yoars, were all made of unusually thick glass. 

Befjre making important observations, therefore, thermometers should be 
examined as to the position of their freezing point. 

574. Limits of the meicurial thermometer. — Mercury is by far 
the most available tlierrimmetric fluid. It may easily be obtained pure; 
it does not adhere to the sides of the tube, and above all, it has a greater 
range of tent perjure, between its freezing and boiling points, than any 
other liquid; freezing at — and boiling at GG2° F. Between 
these two points, its expansion for equal increments of heat is very 
regular, excepting near its freezing point. Owing to this last irregu- 
larity, mercurial thermometers cannot he accurately used for tempera- 
tures lower than — 31°, or — 35° C\ Above the boiling point of 
mercury, heat is measured by instruments called pyrometers. For very 
low temperatures, spirit of wine thermometers are usually employed. 

575. Spirit thermometers ; other liquid thermometers.— Alcohol 
has never been frozen, and is, therefore, generally employed for the 
estimation of low temperatures. 

Thermometer tubes aro fdled with alcohol (which is generally colored red) 
by heating the bulb, with the open end of the tube thrust into alcohol, aud com- 
pleting the process in the manner already indicated The tube is graduated 

by comparison with an accurate mercurial thermometer, exposing both to the 
•ame temperature, and marking, successively, upon the alcoholic thermometer, 
the temperatures indicated hv the mercurial thermometer as they are gradually 
heated. The alcoholic thermometer should not be divided into equal parta 
between the freezing point of water und its boiling point, because it expanda 
uuequally for equal increments of heat. Alcoholic thermometers often differ 
much from each other, because there is great difficulty in obtaining alcohol per- 
fectly pure, or of exactly the snrne degree of concentration. 

Capt. Parry, In his arctic voyages (whose experience was confirmed by Dr. 
Kane, Arct. Exp. II., 405). found a difference of 18° F. between alcoholic 
thermometers constructed by the most celebrated makers ; and a difference of 
14° F. has been observed even at a temperature of only 15° or 20° F. In con- 
tequouco of this, other liquids have becu proposed for thermometers, intended to 
ladicaU) low temperatures. From the experiments of M. Pierre, of all liquids* 
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•tdinary sulp huric ether, chlurid of ethyle, and broiuid of tnethyle, wore found to 
be best adapted for such instruments. 

It is plain from these statements that a more accurate mode of measuring loH 
temperatures is one of the desiderata of scionce. 

576. Defects inherent in mercurial thermometers.— Besides 
those sources of error in this instrument already noticed, there are 
others inherent in the nature of the materials employed. 

As glass and mercury expand unequully by heat, it is plain that we 
read in the mercurial column not the absolute expansion of* the 
mercury, but the difference between its expansion and that of the glass. 
If they expauded equally, no movement of the mercurial column would 
be perceived, und if the glass expauded more than tho mercury, the 
latter would appear to fall when the temperature rose. But as in fact 
the mercury expands ubout seven times os much us glass, the apparent 
expansion of the metal in glass is about one-seventh loss than its 
absolute expansion. 

Again, it is proved that, the expansion of mercury for equal incre- 
ments of heat is not absolutely equal, but increases slightly with the 
temperature. At temperatures between freezing and boiling, this 
increase is very slight, and may he disregarded, since the division of this 
distance into parts of equal length gives the degrees a mean length, 
slightly in excess for the degrees near freezing, and us much too short 
for those near the boiling point, hut exact for the intermediate degrees. 
But above the boiling point the error is more serious, since while the 
degrees have the same length, the space occupied by a unit of mer- 
cury is constantly increasing, consequently the degrees become too 
short, and the thermometer reads too high a temperature. For the 
same reason, below' the freezing point, the thermometer constantly 
indicates a temperature higher than the true temperature. 

The error here pointed out could be easily allowed for in the gradua- 
tion ; the coefficient of expansion of mercury for various temperatures 
being known. But this correction is rendered almost impossible, from 
the fact thut the rate of expansion of the glass is found not only to 
itcrease about us rapidly as that of the mercury (and sometimes even 
more so), but to render the case yet more difficult, it is found that glass of 
different kinds varies in its rate of expansion, und the same glass under 
different conditions may also vury. 

Kegnault, to whom we are indebted for these data, has illustrated 
the facts by a series of observations, the results of which are shown 
in the following table. 

He has shown that the air thermometer may be relied on M 
giving results almost invariable and exact. His form of this instru- 
ment is described at length in his memoir before quoted (p. 220). 
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Ur tlmmMtir. 
[ Ties Tompsr*- 

» tare. 

- ■ 

Thermometer 
without Glass. 

Thermomotor, 

FUot-flass. 

Thermometer, 

Crowa-fiaw. 

OoefteieBt of 

1 • 

o 

o 

e 


1 o 

0 

0 

0 

0*000 1790 

WOO 

49*65 


50*20 

0 000 1315 

100*00 

100*00 

100*00 * 

106*00 

0*000 1830 

*120*00 

120*33 

120*12 

119*95 

0*000 1850 

140*00 

140*78 

140*29 

139*85 

0*000 1860 

100*00 

16133 

160*52 

169-74 

0 000 1870 

180*00 

182*00 

180*80 

179*63 ] 

0 000 1880 

1 200*00 

202*78 

20125 

19970 ! 

0*000 1890 

220*00 

223*67 

221*82 

219*80 1 

0*000 1901 

240 00 

244*67 

242*55 

239*90 

0*000 1911 

246*30 

260*00 

265*78 

263*44 

246*30 j 

260-20 

0*000 1921 

280 00 

287*00 

284*48 

280 52 

0*000 1931 

800*00 

308*34 

305*72 

301*08 

0*000 1941 

820*00 

329*79 | 

327*25 

321*80 

0*000 1951 

340*00 

351*34 

349*30 

343 00 

0-000 1962 


The temperatures indicated by an air thermometer, recorded in the first 
eolumn, were tqjion as a standard, and are very near the truth. The second 
column gives the temperatures which would bo shown by a mercurial column 
graduated in the ordinary way, assuming the glass to be without expansion, 
thus showing the errors attributable only to the varying rate of expansion in that 
metal. In the third and fourth columns are giveu the comparative tempera- 
tures shown by thermometers of flint and crown glass respectively, showing the 
discrepancies due to differences of material. The rapidity with which the rate 
of expansion in the mercury increases with the temporaturc is shown by column 
fifth. 

At and between the fixed points of 0° and 100° a perfect accord was observed, 
the small differences there existing being distributed among all the degrees. 
Above 100°, however, it will he seen the differences between the trub tempera* 
tures aud the several thermometers are more and more sensible; and most 
conspicuous in tho thermometer without glass. The effect of the expansion of 
tho fiiutgluss is seen to be approximately to correct the expansion of the 
mercury. The crown-glass thermometer, owing to the peculiar rate of expan- 
sion in crown-glass, is seen to march very closely with the true temperature 
Op to 246 o *30, where the coincidence is perfect Above that point the dificrcuccs 
increase, uitil at 340°, tho error is three degrees. A thermometer of crown-glass 
is plainly to bo preferred for accuracy over one of flint-glass. 

The facts embodied in this table are made conspicuous by a geometrical 
construction,* tig. 445, in which the figures on the horizontal line (or axis of 
ordinates) stand tbr the temperatures of au air thermometer assumed as invaria- 
ble, and those on the vertical line (or axis of abscissas), for the differences found 
between the air thermometer and various mercurial thermometers. The variation 
Of the theoretical thermometer, without glass, from the true temperature, is seen 


* Cook's Chemical Physics. 






beat. 


*\n the cum Owamj while the curves 0»«c, Onae, Onac, On no, show 
respeetivelj the variation of thermometers made with flint-glass, green glass, 

did 


Swedish glass, and “verre ordinaire” of Paris. The last curve (corresponding 
to column fourth in the table) is a beautiful illustration of the anomalies indi- 
cated by observation. 446 

577. Standard thermometer. — The unavoidable defects in 
the mercurial thermometer, just pointed out, are in common 
instruments greatly exaggerated by errors of construction. 
Standard thermometers lor scientific purposes are constructed , 
with a scale engraved in the glass, as in fig. 446. The divisions 
of this scale are marked by a dividing engine on the surface of 
a covering of varnish, with which the tube is coated preparatory 
to etching. As no calibre is absolutely uniform in # any glass 
tube for a considerable length, the value of the calibre for every 
part of the tube is exactly measured by a cylinder of mercury 
drawn in at one end of the open tube, and taken so short that 
the error in the length chosen may be disregarded. This cylinder 
of mercury is then gradually moved from end to end of the tube 
by the force of air from a gum elastic bottle, dividing the tube 
into lengths equal to the successive lengths of the mercury 
column. The position of these successive points is marked, and 
each of these divisions is then subdivided by the engine into an 
equal number of degrees; varying in length, of course, in proper- 
l : /*n to the lengths of the several cardinal divisions. These gra- 
duations are then etched into the glass by exposing it to the * 
vapor of fluohydric acid. This graduated tube is then soldered M 
to a cylindrical reservoir prepared of a size proportioned to the 
diameter of the tube, and the destined range of the thermometer. II 

The mode of determining the required size of this reservoir is as fol- || 
lows : — H 

We wish to know what size to give the reservoir for a given graduated tube || 
that A divisions of the thermometer may correspond to 100° C. Weigh me tube 
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tmpfcy, sad alto when containing a column of mercury of an observed length. We 
thus learn the weight of mercury, to, occupying n degrees of the tube. Fi om this 
w 

we obtain N-, the wight of meroury which will fill N divisions of tho tube, 


and by (99), we know the corresponding volums ss Jf- 


But this 


«t (Sp. Or.)' 

volume represents the expansion which the mercury in the reservoir of the pro- 
posed thermometer must undergo when heated from 0° to 100° C. Now the 
apparent expansion of mercury under these conditions is known to be ^ of its 
Volume at 0°. Representing, then, by V the unknown volume of the reservoir, 
Ft® w 

we shall hive : -- = N — — — , ana P ** 6 b N — — — • If the reser- 
65 n{Sp. Or.)' n{tip. Or.) 

voir is spherical, V = {nlP, from which we can calculate the required 
diameter. If it is cylindrical, V = J fiD^h, from which the approximate length 
of h is calculated when the diameter is given. 

The thermometer thus graduated is filled, and the fixed points marked as already 
described (568). Its scale, of course, is arbitrary, and may be reduced oy calcu- 
lation to tbe Centigrade or any other scale. Observation determines the number 
of divisions between freezing and boiling, which wc coll N, and also the point on 
the arbitrary scale, corresponding to the freezing point ( 0° C). Call the number of 
divisions below this point d°, the degrees centigrade C°, and those of tbe arbitrary 

100 


scale A°. We then have, A r = 


r 100, and C = — (A 9 — d°). Suppose there are 


379 divisions on tbe arbitrary scale between the fixed points, and the freezing 
point is tho 147th division from the bottom, aud it is required to know to what 
temperature the 303d division corresponds in Centigrade degrees, we shall have 
o- m (303 — 147) = 41*10. Every such thermometer has, of course, its 
own equation; a table is readily calculated for its convenient use. 

Every good standard has both the boiling and freezing points included in its 
range. The cavity a, fig. 416, is designed to allow for any sudden expansion 
of the mercury above the limit of the scale, to uvoid the fracture of the instru- 
ment. Similar expansions are often introduced at particular points on tbe stem, 
to avoid undue leugth in the stem when a long range is required. The wholo 
scale in this case is distributed between several thermometers, and the swellings 
so placed as to cover in each case the range of the preceding instrument. It is 
thus possible to divide each Centigrade degree into twenty or more parts. 

In accurate observation, the whole instrument should be immersed in tbe 
medium whoso temperature we seek, but when this is not possible, a correction 
may bo calculated by a formula which our space requires us to omit. (See 
Cooke's Chemical Physios, p. 444.) 


II. 8ELF- REGISTERING T HER NO METERS. 

578. Maximum and minimum thermometers. — It is often desir 
able to ascertain, in the absence of an observer, the highest and lowest 
temperature of the night, or of any other interval of time. This may 
be done by the employment of what are called maximum and minimum, 
or self-registering thermometers. One of the most simple instruments 
of this kind was invented by Rutherford, and is represented in fig 
447. 
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(•.) Rutherford'* maximum and minimum thermometer conl.ti 
#/ two thermometer* attached to a plate of glass, or to wood ; their tubes are 


447 




boot at right angles, near the bulbs. The maximum thermometer, A, contains 
mercury ; the minimum thermometer, 11, contains alcohol. In the tube of the 
former is a small piece of steel (seen nt A): when the mercury expands, it 
pushes the steel before it, hut when the fluid recedes toward the bulb, the wire 
does not follow it. The steel is thus left nt the extreme point to which the 
mercury may have moved it, and indicates the highest, or maximum tempera- 
ture, to which it has been exposed. The alcoholic thermometer contains n small 
piece of enamel (seen nt 111, sunk below the surface of the liquid. The position 
of the enamel is not affected by expansion, because the alcohol rendily passes it ; 
but by contraction it is drawn hack with the column of alcohol, by the cohesive 
attraction of the particles of liquid at the surface of the column. Thus the 
enamel is left at the lowest point to which the column has retreated, and repre- 
sents, therefore, the minimum temperature which hns occurred. 

(b.) Negretti and Zambra's maximum thermometer. — A Flight 
agitation given to Rutherford's maximum thermometer will often cause 
the steel index to become immersed in the mercury, which, upon ex- 
pansion, will pass by the steel, and thus the instrument will fail to 
fulfill the purpose for which it was designed. This source of error is 
avoided in the use of Negretti and Zaiuhru’s instrument, fig. 448. 

418 



A small rod of glass! a b t is introduced into the thermometer tube, whieb Is 
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then bent just above the point where the rod is placed; tbe rod nearly fills the 
core of the tube. When in use, the instrument is suspended horizontally. The 
mercury, by expanding, will force its way past the obstruction, to the point e for 
example; when the temperature falls, and the mercury contracts, the cohesion 
of the particles of morcury to each other will prevent tbe column from passing 
tbe rod. The extremity of the column, e, will therefore indicate the highest 
temperature to which the instrument has bo<5n expoged. It has been observed 
that in this form of instrument tbe mercury does not move steadily, but by jerks. 


I 


449 


(c.) Walferdin’s maximum thermometer. — The upper part of 
the tubo of thin instrument, fig. 449, terminating with a small 449 
orifice, is surrounded by a reservoir which contains mercury. 
When tbe instrument is to be used, it is first heated, whereby the 
mercury rises in the tube and flows over into the reservoir; 450 
it is then inverted. The elongated point of the tube thus 
dips into the mercury of the, reservoir. It is now exposed, 
while inverted, to a lower temperature than the one to be 
determined. During this cooling, the tube will remain full 
because its point dips into the reservoir of mercury. The 
instrument is now placed in its proper position, and it is 
evident that as the temperature rises, a portion of mercury 
will pass out of the full tube into the reservoir; and this 
portion will be greater as the temperature is higher. 

To determine afterwards the highest temperature to 
which it has been exposed, it is compared with a stand- 
ard thermometer. Both being placed in a water bath, 
gradually heated, the temperature indicated by the standard 
thermometer is observed when the mercurial column has 
risen to the top of the tube of the maximum thermometer. 

679. Metastatic thermometer. — Walferdin has ap- 
plied tbe same principle to the construction of a ther- 
mometer designed to indicate very small differences of 
temperature. In this instrument, fig. 450, the reservoir, 
and calibre of the tube are very small, so that the instru- 
ment is extremely sensitive to small changes of tempera- 
ture. 


I 




The bulb, B, corresponds to the reservoir in fig. 449. Just 
below this bulb, the capillary tube suddenly contracts at C. The stem is 
graduated into parts of equal capacity, each of which represents a very small 
fraction of a degree. In using this thermometer, it is first heated to a tem- 
perature somewhat higher than the one it is desired to estimate. Tbe mercury 
rises in the tube and partially fills the bulb. A slight jar given to tbe instru- 
ment while cooling, causes the mercurial column to break at the point of con- 
traction, and while a portion of mercury remains in the bulb, the mercurial 
column sinks down to a point somewhere above the reservoir. The thermometer 
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ansi bow be exposod to ft known temperature, very near to Amt we wish to 
•stitnate: the position of the level of the mercury in the tube is then noted. The 
thermometer is next subjected to the medium, whose temperature is to he esti- 
mated. Suppose there is ft difference in the level of the mercurial column in the 
two coses, of 18 divisions of the arbitrary scale, and if .'100 of those divisions ore 
equal to one degree, then the difference in temperature must be of a degree. 
Walferdin bos employed thermometers of this kind which indicated one one- 
hundredth ( 7 J c ) and even one one-thousandth ( T flW of a degree, Centigrade. 
(5*5 and of a degree F.). By causing more or less mercury to flow into tho 
■pper bulb, differences in temperature may be estimated for different points ob 
the scale. A single thermometer of this description may take tho plaoo of ft 
•erics of thermometers with a fractional scale. 


III. METALLIC THERMOMETERS ANI) PYROMETERS. 

580. Breg net's metallic thermometer. — This instrument, remark- 
able for the extreme sensitiveness of its indications, depends upon the 
unequal expansion of different metals; it is represented in fig. 451. 

Strips of platinum, gold, and silver, after being soldered together through- 
out their whole length, are rolled into u thin ribbon, 451 

which is then formed into a spiral, or a helix. Tho 
upper extremity of this helix is fixed to a support, CB 
and to tho lower end, at right angles to it, is attached 
a needle, moving over a graduated circle, resembling — f K 
the dial of a watch. The silver, which is the most ex- 
pansible of the throe metals, forms the inner face of the 
helix; tho platinum, which is the least expansible, H 
forms the outer face, and the gold, which has an inter. W 
mediate expansibility, is included he 
tween them, and moderates their effects. 

When the temperature rises, the silver, /JhvEi* 

expanding more than the other metals, 

unrolls the helix ; the contrary effect Haw 

take? place when tho temperature is 

lowered. This thormometor is gradu- 

ated by comparison with a standard 

mercurial thermometer. The instru- BB 

moot is particularly useful when very W 

rapid variations of temperature arc to be determined. Another Torn is soma- 
times given to it. The compound ribbon being bent into the form of a letter 
U, one of the extremities is fixed, and the other is left free to move. Iiy means 
of a lever and toothed wheels, the movements which changes of temperature 
cause in the free end are communicated to a poiuter, moving over a dial. 

581. Saxton*! deep sea metallic thermometer.— Mr. Joseph 
Saxton, of the United State# Count Survey, ha# adapted the principle 
of Breguet’s metallic thermometer, to the construction of an instrument 
by which numerous very accurate observations have been made upon 
the temperature of the sea in deep soundings. Silver and platinum 
form the compound spiral, and its torsion is registered by nn index, 
moved by multiplyii g wheels, and carrying forward a tell-tale, or stop 



410 


PHYBIOS OF IMPONDERABLE AGENTS. 


hand, to the lowest temperature attained. This instrument has been 
some years in use for deep sea soundings, with the best results. A 
small correction in the readings is made (not exceeding one degree 
for 600 fathoms) proportionate to the depth of the sounding. 

The term pyrometer is sometimes applied to instruments intended to 
measure changes of dimensions in bodies at low” temperatures by the 
expansion of solid rods ; such is : — 

582. Saxton’s reflecting pyrometer.— In the measurement Df the 
base lines of the larger triangles, in the Furvcy of the coast of the U. S., 
the greatest accuracy is required. These lines are sometimes forty or fifty 
miles in length. An instrument constructed by Saxton, under the direc- 
tion of Prof. Bachc, accomplishes this object perfectly. 

The measuring rods ure compound bar# of iron and brass, so proportioned in 
their cross section as to equalize their differences of specific heat and conducti- 
vity, while their unequal expansions compensate for each other, and preserve 
an invariable length. To verify these bars, the ends are brought into contact 
with two bluut knife edges; one immovable, the other forming the shorter end 
of a compound lever; having at the other end a rotating mirror. Any variation 
of length in the bar, by chungiug the angular position of the mirror, gives evi- 
dence of the change to an observer, whose eye is placed at a telescope directed 
towards the mirror, in which the one twenty-five thousandth of an inch on a 
scale is magnified into a unit of graduation, about one-fourth of an inch long, 
from which tho one hundred -thousandth of an inch, or ubout one four-millionth 
of a metre is easily read. If desirable, this degree of minuteness might bo 
greatly increased. This simple and beautiful contrivance has superseded all 
methods previously known for verifying rods of any length. It is sensibly 
affected in bars six metres long, by changes of temperature otherwise quite 
inappreciable, and It then becomes the most sensitive of thermometers. This 
method is good only for end measurement. 

583. Wedgewood’s pyrometer. — The range of the mercurial ther- 
mometer is limited by the boiling point of mercury’ ; higher tempera- 
tures are measured by the effects of heat upon solids with instruments 
called pyrometers. 

The celebrated English potter, Wedgewood, invented the first pyrometer used, 
founded upou tho contraction which clay undergoes when exposed to high 
temperatures. He assumed this contraction to be as much greater as the 
temperature was higher. The results obtained with this instrument are, how- 
ever, inaccurate, as it is now known that the contraction which clay undergoes 
depends rather on the duration than on the intensity of the heat, and is mneh 
modified by the particular sort of clay employed. 

584. Daniell’s pyrometer is au instrument capable of exact mea- 
surements of high temperatures by the expansion of a bar of platinum 
euensod in a sheath of black lead. The bar and its case are adjusted 
both before and after the experiment to a measure which indicates on 
a graduated arc the degree of expansion. The degrees of temperature 
are then calculated from the known rate of espansiou of platinum. 



H£AT. 


411 


565. Draper's pyrometer. — This instrument registers its results by 
the expansion of a little strip of platinum, heated (in free air) by s 
measured current of voltaic electricity. 

The platinum strip is connected with the short end of a levor, whose longer 
limb marks upon a graduated arc the degree of expansion. With this delicate 
instrument. Prof. Draper conducted a series of experiments upon the tompora- 
tures at which bodies become visibly red. in the dark atid in diffused light, tbs 
temperatures being determined from the coefficient of expansion in tbo several 
metals. (Am. Jour. Soi. [2] IV. .‘188. ) 

58C. Estimation of very high temperatures. — According to Bun* 
sen's calculations (Gasomctry, p. i!36-tI43), the temperature of a hydrogen 
flame burning in free air is C. (= 5808° F.), and of olefiant gas 

5*413° (\ (= '.1775° F.). Since it is probable that at high temperatures 
the radiating power of a body for heat is proportional to its radiating 
power for light, we are in possession of the means of comparing the 
intensity of glow of a coil of platinum heated in a furnace, or in a 
stream of lava, w ith the glow from a like coil heated in a flame of 
known temperature, and thus approximately of estimating the tom 
perature of a furnace or of a volcano. 

IV. TlIRRMOSCorKS. 

587. Thermoscopes. — This name (from Ofy/iy, temperaturo, and 
ffxonitu, to see) is applied to a class of instruments designed to indicate 
small differences of temperature, and not to measure them in degrees. 

Air thermometers. — As air contracts and expands uniformly and 
quickly, it is often used where slight and sudden 452 453 

variations of temperature are to be observed. The 
contractions and expansions which it undergoes, 
are rendered visible by the movements that it 
causes in liquids. Such instruments are often 
called air thermometers, but are not to be con- 
founded with the form of air thermometer described 
by Kcgnault, which is the most accurate measure 
of temperature yet made known. The results in 
the first column in the table on p. 404 were 
obtained by the air thermometer here alluded to, 

•ome notice of which will be found in the section 
on expansion. 

The simplest air thermometer is that represented by 
fig- 452, and is often called tbo thermometer of Sane* 
torius, an Italian philosopher of the 17th century. It is a bulbed tube, filled 
with air, having for an index a drop of colored liquid in the stem at A. The 
movements of the index show the variations of temperature. Another form of 
lb* »<uao instrument is represented by fig. 453. The extremity of the tube reft# 
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In the colored liquid contained in the open Teasel. If the bulb is heated, the 
Uqnid falls in the tube, and rises if the bulb is cooled. y 

Amonton s’ thermometer, fig. 454, is essentially the same as the last; the 
bulb, C, is partially filled with colored liquid. Expansion of the air contained 
in the upper part of the bnlb, C, causes the liquid to .. 

rise in the tube A B. 



These instruments are neoessarily imperfect, owing to 
the rarying pressure of the atmosphere, and they serre 
only as means for the illustration of principles in the 
class-room. 454 

(a. ) Leslie's differential thermo- 
meter. — This instrument, fig. 455, 
avoids the objection to the open air 
thermometer. It was used by Leslie 
in his experiments on radiant heat, 
and consists of a two-bulbed tube filled 
with air, bent twice at right angles. It 
contains a column of sulphuric acid in 
the stem, which stands at the same 
height, if both bulbs are equally heated, but if one is heated more than 
the other, the difference is seen in the unequal height of the two columns 
as shown in the figure. 

(6.) Howard's differential thermometer, fig. 456, contains ether, 
and the vapor of other, in 456 
place of common air. It ^ 
is by far the most sensitive 
instrument of its class. It 
was invented by Professor 
Howard, of Baltimore, in 
1819. 

(c.) Rumford’s thermo- 
scope, fig. 457, is an instru- 
ment resembliug Leslie's, 
and like it, contains air. The horizontal tube is longer, and the bulbs 
larger, than in Leslie’s, and a short column of sulphuric acid, «, sepa- 
rates the two masses of air, and by its motion over a scale of equal 
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parts, serves to indicate differences of temperature. 

588. Thermo-multiplier. — By far the most delicate of all means of 
measuring small variations in temperature, is the thermo-multiplier, or 
thermo-electrio pile of Nobili and Melloni. Its indications depend on 
the production of electric currents by small changes of temperature. 
It was with this instrument that Melloni conducted the remarkable 
series of researches on the transmission and radiation of heat which 
are noticed iu their appropriate place, farther on. 
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f 3* Btpuaioii. 

I. EXPANSION or SOLIDS. 

589. Linear expansion. — Pyrometers. — The general fast of the 
expansion of bodies by heat, has already been stated in ( 565. Linear 
expansion, or expansion in a single direction, is illustrated by the 
apparatus seen in fig. 458. A metal lio rod, A, securely held by a screw 

458 



at the end, B, is heated by the flame of an alcohol lamp. The expan- 
sion is shown by the movement of the index, K, over the gniduuted 
arc, occasioned by the pressure of the fore end of the rod against the 
short end of the index. At the beginning of the experiment, tho rod 
A is adjusted by the screw B, so that tho index stands at zero ; as tho 
rod cools the index returns. Rods of various metals and alloys may he 
used for comparison. Such an instrument is called a pyrometer ; but 
it lias no scientific value, being replaced by instruments of far greater 
delicacy. Those named in 582, 584, and 585 are examples of tho 
accurate application of linear expansion of solids for the exact admeas- 


urement of changes of temperature. 

500. Cubical expansion in solids may be shown by the apparatus, 
fig. 459. The ring of metal, m, allows the 459 

ball of copper, a, merely to pass through 
it at the ordinary temperature. If the 
ball is heated, it expands in all direc- 
tions, and will then no longer pass 
through the ring, but rests upon it, as is 
shown in the figure. As the ball cools, 
it gradually returns to its original dimen- 
sions, and again passes through the ring 
as before. 

Different solids expand unequally, but, 
for the most part, uniformly, in all directions, and return to their origi 
nal dimensions on oooling. 
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Theta are some exceptions to this general statement. Wood expands and 
contracts more in the breadth of its fibres than in their length; and, when it 
is considerably heated, it contracts permanently. Clay also contracts perma- 
nently by heating, and becomes vitrified; new chemical compounds being 
formed. Tbe particles of had slide over each other during expansion, and do 
not return again on cooling to their original position. Lead pipes, which con- 
vey hot water or steam, become permanently elongated ; and the leaden linings 
of bath-tubs and cis.terns, which receive hot water, become gathered into ridges 
from this cause. 

Relation between cnbical and linear expansion. — The linear 

and cubical expansion in any homogeneous Rolid, is so related, that, 
by the same elevation of temperature, its length, breadth, and depth 
will he increased in the same proportion. Thus: — 

If a solid, heated to a certain temperature, increases in length ono one-thou- 
sandth of its original length, its surface increases two one-thousandths of its 
original area, and its volume, three one-thousandths of its original bulk. 

This theoretical view is found to be nearly, but not quite, true, in fact. 

Expansion of crystals. — Crystals of the monometric system 
(154, «), like common salt, fluor spar, &c., expand equally in all direc- 
tions. In this system, all the crystallogenic axes are equal, and at 
right angles to each other. In crystals of ail other systems, the 
expansion is the same in only two directions (dimotric system, 154, 6), 
or it is different in all three, depending upon the position of the 
crystallogenic axes to euch other. The amount of expansion in some 
crystalline compound bodies, e. g. t fluor spar, aragonite, sulphate of 
barytes, quartz, &e., is found to be greater than in metals, contrary to 
the genorally-received opinion. 

591. Coefficient of expansion. — The small gain in length in a rod 
1 foot or 1 metre long, when heated from 32° to 33° F., or from 0° to 1° « 
C., is called its coefficient of linear expansion. 

1. Coefficient of linear expansion. If the length of the bar is 2, at the 
temperature of 32°, its length at 33° is 2 + IK, composed of its original 
length, 2, and a small fraction, lK f variable with the substance experi- 
mented on. 

If the rod is carried successively through the scale of temperatures, it gains, 
at each degree, a new elongation, which experiments show to be nearly constant, 
and equal to IK, so that if the rod is elevated from 32° F., to t degrees above 
32* F., its total gain in length is expressed by JKt, and its new length, l 0 is 
2-fMTi, or, l t = 2(1 -f Kt). 

At any other temperature, — this expression becomes, b = 2(1 -j- Kt'), and 
if the value of If (any temperature above 32°), is sought in terms of 2<, wa write 
approximately, If = /, [i -f A' (t f — r)]. 

The coefficients of expansion for some of the most frequently occur- 
ring solids is given in r £nMe III., in terms of the decimal system. 

2. The coefficient of euperjicial ejepaneion, is obtained from the expres- 
sions for liuoor expansion, by substituting £ and for l and l t ; thus®:— 
£4 ■« $ (1 4" Sift), wbeie 2 AT replaces K in tbe formula for linear expansion 
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3. The coefficient of cubic expannion, is the small fraction of its vtlume, 
by which a s*olid, liquid, or gas is increased when heated from 32° to 33° F. 
Assuming the expansion to bo proportional to temperature, we must admit the 
volume V at t degrees and at 32 degrees to bo proportional to the cubes of their 
homologous dimensions. By the same reasoning as before, we have, therefore, 
the formula; V' = V (1 -f- 3A'f), by which the increased volume ( V) of any 
mass of matter may be calculated when the value of l", t, and A' are known. 

The coefficient of cubic expansion may also he determined accurately from 
the specific gravity of the solid taken nt different temperatures, thus: — 

Let (Sp. Ur.) and (Sp Gr)' represent the specific gravities of any solid at the 
two temperatures, t and T; let IT he the weight of the solid under trial, Tits 
Volume at 32°, and AT the co-efficient to he found ; then, siuee by tho lust 
expression, we know tho value of the solid at t° and T°, V (1 -f 3A”r), and 


r<l -J- 3 AY,) we have from \ 99 


Gr.) = 


and 


{Sy. Gr /) 


K (1 -f 3Ar) 

Tho value of the co-efficient of cubic expansion, 


V ( 1 -f- 3 AY) 

is obtained from the reduction and combination of these two equations 


Thus : 


(A> Gr.) — ( Sp. Gr.)' 
3(.S>. 07. )Y — 3(ty. Gr.)t ’• 


This coefficient may also be obtained from the apparent expansion of mercury. 

It is plain that all questions reluting to the expansion of solids, may be solved 
by these expressions, when the value of K is known; and that this quantity 
must he the subject of exact experimental determination in each solid. Our 
limits do not permit the description of the various means by which the linear 
expansion of solids has been measured. In the researches of Lavoisier and 
Laplace, a bar of the substance under examination was heated in a water-bat, b. 
One end was fixed, the other free, and touched the oud of a lever, acting by any 
expansion of the bar, and causing a movement observed in a telescope attached 
to the lever, as already described in § 582. The expansions, from 32° to 212°, 
were thus read off upon a scale placed at a proper distance. 


The capacity of hollow vessels is increased by the expan- 
sion of their walls, to the same amount which a solid mass of the 
same material and volume would expand by a like change of tempera* 
ture. Ileuce it is easy to calculate from the known co-efficient of glass, 
or any other substance, the changes of capacity of hollow vessels. 

The amount of expansion in solids, between freezing and boiling, 
is, after all, but a very small fraction, being, for sine, which is the most 
expansible of all metals, only one three-hundred and fortieth of its 
length ; while glass expands only about one-third of this quantity, for 
alike change in temperature (1 in 1248). The order of the expansi- 
bility of metals and glass is as follows, commencing with the most and 
ending with the least expansible : — zinc, lead, tin, silver, brass, gold, 
copper, bismuth, iron, steel, antimony, platinum, glass. 


* In all these formulae, t is taken to represent the number of degrees above 
the heesing point. 
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This, it is worth while to remark, is also very nearly the order of 
eompressibility of the same substances. 

Ice is more dilatable than zinc, in the ratio of to The con* 
traction of ice by cold has been observed for 30° or 40° below the 
freezing point. 

The most expansible solids are, in general, the most fusible, g. % 
ice, zinc, &c. ; while the least expansible metal, platinum , is also the 
least fusible ; but in other cases this comparison fails. 

The hardness, ductility, and other physical properties of the metals, 
appear to sustain no relation to their expansibility. 

592. The ratio of expansion increases with the temperature. — 
Between 32° and 212° F. t the increase in the coefficient of expansion 
in solids, is hardly appreciable; but for high temperatures, the increase 
becomes a considerable quantity. Kegnault has determined the mean 
coefficients for glass, when blown in hollow vessels between zero C. and 
the following temperatures — the coefficients being in each case ten-mil- 
lionths of the whole : — 

Coefficients. K. = 27G 284 291 298 306 313 

Temperatures, C. 100° 150° 200° 250° 300° 350° 

This increaso in the coefficients of expansion of bodies by rise in 
temperature, is probably doe to the distance between the particles aug- 
menting with the heat. Their mutual cohcsiou is thus more readily 
overcome. 

In the cits© of glass, which has boon more carefully studied than any other 
solid, it appears from the results of Kegnault, not only that glusscs of different 
composition differ in their coefficient of expansion, hut the same glass, in solid 
rods, expands more than in tho form of tubes; and that great and sudden 
.changes of temperature, as in making a thermometer ( 7 '? ) . may vary the co- 
efficient of expansion, owing probably to slow molecular changes in the glass. 

593. Amount of force exerted by expansion. — The enormous 
force exerted by an expanding or contracting solid, may be conceived 
by estimating (from the coefficient of elasticity, { 101) the power requi- 
site to produce an equal change of length by compression or bv traction. 

Assuming, in round numbers, the coefficient of elasticity of iron nt 
612° = 21,000 kilogrammes, a bar of iron, one metre long, expands 
0*0012 m., if heated from 32° to 212° F. Therefore a bar of iron, ouo 
square inch in section, raised from the temperature of freezing to 
boiling water, expands with a force of 35,847 pounds ; or it exerts a 
force of 19915 pounds for every degree Fahrenheit that its tempera- 
ture is elevated. 

When a bar of iron one inch square has its temperature changed 
12° F., its expansion or contraction exerts a strain equal to one toe 
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weight ; and if varied from 10° to 90°, a common change from winter 
to summer, it expands with a force of about seven tons. 

The force of contraction in a cooling solid, is equal to tho force of expantioa 
when it is heated. This force is constantly used in the arts. 

The walls of an arched gallery in the Museum of Arts and Trades In Parlti 
having bulged outwards by the weight of the arch, 4 A 0 

Molard placed a series of iron bars, fig. 400, through 
the wall, secured by npts on the outside. The alter- 
nate bars were first heated bv charcoal furnaces, 
and, when they w T cre expanded, the nuts were 
•crewed firmly up to the walls. As the burs cooled, 
they drew up the wall." to an extent equal to their 
contraction. The other half of the bars were 
like manner heated and cooled ; and, by a seri 
of such operations, the walls were gradually brought 
to an erect position. A similar proceeding was 
adopted in the ('athedral at Armagh, and in a store 
house in Providence, 11. I. 

Wheelwrights and coopers make iron tires ami hoops a little smaller thar. 
the wheel or barrel for which they are designed ; these are applied in a healed 
state, and quenched; us they contract, they hind the parts firmly together. Tho 
heavy wrought-iron rims of the dri\ ing- wheels of locomotive engines, are shrunk 
on in the sumo way. Kail car wheels are often east with split huh. , to allow 
play for tho unequal contraction of the heavy rims and lighter arms, or the latter 
would be broken at the hub, or rim, on cooling. The sam«‘ precaution is requi- 
site in till eastings where heavy and l. 'ht parts are united. Boiler plates tiro 
riveted together with red hot rivets, which, on eooling, draw the plates together 
more firmly than any other menu?, could do. When the stopper of a hottlu 
sticks, it may usually be withdrawn by heating the neck of the bottle with a 
spirit-lamp, or with a cloth dipped in warm water. The neck is thus expanded, 
and the stopper is released. 

594. Common phenomena produced by the expansion of 
solids. — In every-day life may be seen numerous phenomena, caused 
by the expansion and contraction of substances by variations in ten. 
pcraturc. 

A stove snaps and crackles when the fire is lighted, and again when it la 
extinguished, because of tin* unequal expansion and contraction of the di fie rant 
parts. The pitch of a piuno-furte. or harp, is lowered in a warm room, owing to 
the expansion of the sttings being greater than that of t hi- wooden frame which 
supports them ; and for the reverse reason, the pitch is raised, if the room la 
cooled. 

Nails driven into wood often become loose; the Expansion arid contraction of 
the nails, through variations of temperature, gradually enlarging the holed. 
A gate in an iron railing may be easily shut, or opened, in u cold day, but only 
with difficulty in a warm day, because the gate itself, aud the surrounding rail- 
.ugs, have become expanded by the heat. 

Astronomical instruments, placed on elevated buildings, are sometimes sensibly 
Jeranged by the expansion of the walls exposed to the sun. Iron and platinum 
wires may be successfully soldered into glass, because their mutual expansibility 
differ! very little, while silver, gold, and copper, similarly treated, crack out M 
38 
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tbs joint 004 U, because thsir expansibility is much greater than that of tbs 

Glass and earthen vessels, with thick walls, are liable to break •when hvt 
liquids are suddenly poured into them. The surfaces in contact with the hoc 
liquid, expanding before the other parts are affected, have a tendency to warp, 
or bend the sides unequally, and the brittle material breaks. We use this pecu- 
liarity of glass to convert broken vessels in the laboratory to useful purposes. 
Since, by a red-hot iron, or the point of a burning coal, we can lead a crack in 
any direction, and thus safely divide the thickest glass. 

Bunker Hill Monument, an obelisk of granite, two hundred and twenty- one 
feet high, moves (as observed by Hereford), at top, with the sun’s rays, so as to 
describe an irregular ellipse with the sun’s motion. This movement commences 
about 7 a. u y of a sunny day, and has its maximum in the afternoon. In a cloudy 
day, no motion exists, and a shower restores the shaft to its position ; showing 
that the heat which produces the deflection penetrates but a short distance. 

Railroad bars must be laid with open joints, or their expansion and contrac- 
tion between the extremes of natural temperature would destroy the road. 
Between 4° F., and 100° F., the expansion of one mile of rails (5280 feet) is 5 
feot 7 inches. 

The two tubes of the Britannia Bridge (172), are secured at the centre to the 
miftn pier, called the Britannia Tower ; but the other points of support rest on 
friction rollers, admitting of free motion with changes of temperature. An 
increase of 26° F , from 32° to 58°, gives a total increase of 3J inches in the 
whole length of each tube, or onc-half that amount at each end. The daily 
ohungo of dimensions varies from half an inch to three inches ; the maximum 
and minimum effects being about 3 p v., and 3 a. m., respectively. The same 
changes noticed by Horsford in Bunker Hill Monument, are produced in this 
bridge by tho sun's rays. The hoated portions of the tube expand, warping the 
free ends to the cooler side about two and a half inches, both vertically and 
laterally. 

The Victoria Bridge, at Montreal, shows the same phenomena, but not so re- 
markably, as the several tubes are much shorter (page 137). 

Pir© regulators. — The expansion of solid bodies is often used to 
regulate the temperature of stoves. 

A metallic bar, usually of copper, is placed within, or beside the stove or 
furnace, and ns it becomes hented it expands, and moving a lever, turns a 
damper, or valve, thus regulating or arresting tbe draught, with perfect 
fidelity and accuracy. 

51)5. Unequal expansion of solids. — Breguet’s thermometer, 
already described (580), is a beautiful example of the application of 
unequal expansion to measurement of temperatures. 

If a compound bar of iron and copper, secured together by rivets* 
6g. 461, is heated, the copper ex- 461 

pending more than the iron, the 
bar is thereby curved, as seen in 461 t, 

fig- 4615, to accommodate the ir- 
regularity of length resulting. If 
this compound bar is cooled below the temperature at which the two 
metals were united* it curves in tbe opposite direction. 
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596. Compensating pendulums.— The length of a pendulum 
alone determines its times of oscillatiou (821. A difference of one 
one-hundredth of an inch in a seconds pendulum would cause a clock 
to vary eleven seconds in twenty-four hours, aud it difference of GO 0 F. 
produces this effect. 

In ordinary clocks, this defect in the length of the pendulum is 
remedied, by raising or depressing the ball at the end of tho rod by 
means of a screw. Pendulums in which this defect is remedied by a 
self-adjusting arrangement, are called compensating pendulums. The 
compensation is effected by tho unequal expansion either of mercury 
and glass, or of different metals. 

Harrison's gridiron compensating pendulum, fig. 1G2, is one 
of those most commonly employed. The large weight at the bottom 
of this pendulum is supported by a series of rods of 4f,2 
brass and steel arranged in alternate pairs. The middle 
rod is of steel, and, like all the other steel rods, is shaded 
in our figure. The cross-pieces connect the two systems 
of rods, alternately at top and bottom, in such a w ay 
that while the expansion of the steel rods lengthens the 
pendulum the expansion of the brass rods shortens it. 

The length of the pendulum is plainly the sum of the 
length of the steel rods less the sum of the brass rods (the 
supporting crotchet being added to the length of the 
steel rods), each pair of rods being reckoned as only 
one rod. In order that the length of the pendulum 
should remain invariable with changes of temperuture, 
it is obvious that the expansion of the two systems of 
rods must exactly balance each other. 

To determine the length of rods required to effect, this, let 
L and l be the Hum of the lengths of the steel and brass rods 
respectively, aud A' and A' 1 their respective coefficients of 
expansion. Then, if the amount of expansion in both systems is equal, L K 
will equal IK\ But since, at London, the length of the seconds pendulum is 
30*14056 inches (82), it follows that, L — l — - 3011056 inches. 

If, therefore, we take from Table 11 1., the values of K and K' , and combine 
these two equations, wo shall find the respective lengths of A and l. 

K> £ 

- — ,,, - x 39 14056 inches, I = — X 39 14056 inches 

A — A A 

Bat the position of the centre of oscillation, which determines the virtual 
length of the pendulum (83), may vary, although the sensible length remains 
unchanged. Hence the necessity of adjusting the position and mass of the 
suspended weight after the length of the rods is approximately accurate. 

Xn Graham's compa casting pendulum, fig. 463, the rod, a, h, h of 
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glass, aud the ordinary weight is replaced by a glass vessel containing mercury 
sustained in a metallic stirrup. When the temperature rises, the pendulum 
lengthens, and the mercury also expanding, rises in the glass. 

The compensation in this instrument is not quite perfect, since the position of 
the centre of gravity (which remains unchanged by the construc- 
tion) does not entirely coincide with the centre of oscillation, on 463 
which the virtual length of the pendulum depends. 

Mr. Henri Roberts’ compensating pendulum is 
remarkable for its extreme simplicity. The rod of the pendulum, 
fig. 464, is of platinum, and supports at its lower end a disk of 
sine. The centre of gravity of this disk will 465 

always be preserved at the same distance from 
the point of suspension, if tbe expansion of the 
platinum rod is equal to that 454 
Of the zinc disk j this condition m 

is obtained when the radius of V 

"the disk is equal to one-third I 

of the length of the rod. I 

* Martin's compenaa- 

tip pendulum is a com- m t * 

pound bar of iron and copper JT f L h 

soldered together throughout E A 

their length, and fixed trans- 

Tersely upon the pendulum HI 

rod, fig. 465 . The copper, glUII 

being the most expansible, is * 

placed below the iron. When the temperature rises, and the oentre of oiettla* 
jfon is, by the expansion of the pendulum, removed to a greater distance from 
the point of suspension, the copper, expanding more than the iron, bends the 
rod into the curve, m f m f whereby the metallic balls, m m, at the extremities of 
the rods, are raised, and being brought closer to the point of suspension, compen- 
sate for the increased distance of the weight of the pendulum from that point. 
If the temperature is lowered, the rod bends into the curve, m'em', and the 
balls are lowered. These balls are of such a size, and placed at such a position 
upon the compound bar, that the centre of oscillation is not displaced by varia- 
tions in temperature, and thus perfect compensation is produced. 

Compensating balance wheels of watches and chronometers 
are constructed precisely on the plan of Martin’s pendulum. The balance wheel 
of a watch varies with changes of temperature,— the duration of an oscillation 
depending on the radius of the wheel, the strength of 466 

the spring, and the mass of its rim. The expansion 
of the wheel, by enlarging the radius, retards the time- 
piece, and, conversely, cold accelerates it. The three 
metallic arcs, a a a, fig. 466, are designed to counteract /// 
and correct the effect of expansion on the wheel. Each III UlWyT ]) 
arc is composed of two strips of motal, the most expan- J JJj[ 

iible being placed outside. Heat, therefore, carries the 
masses, 11 n u, inward and nearer to the axle of the wheel, 
while cold throws them outward, thus preserving the vir- 

tual length of the radius under all changes of temper at u~.c. Any errors of com- 
pensation arc adjusted by turning tbe masses, n » «, on tbe sorews at the ends 
•( the axes. 
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II. EXPANSION OP LIQUIDS. 

597. General statement. — All liquids expand by heat more than 
solids ; thus mercury, the least expansible of all liquids, expands more 
than zinc, the most expansible of all solids. 

The rate of expansion in liquids is not so uniform as it is in solids, 
and especially near their points of solidification and vaporization they 
are subject to great irregularities. 

598. Apparent and absolute expansion. — We have already (576) 
noticed the fact that it is only the apparent, and not the absolute, expan* 
sion of mercury which is read in the thermometer. It is plain that 
in any mse the absolute expansion of a liquid must be the sum of its 
apparent expansion, and of the increased capacity of the containing 
vessel (591) at the given temperature. Either two of these quantities 
being known, the third can be calculated. 

The absolute expansion of mercury, being one of the most important 
constants in physics, and one on which many others depend, has been 
determined with the greatest accuracy. This determination was origi- 
nally made by Dulong and Petit, and haB been confirmed and corrected 
more recently by Regnault. 

The method giving most exact results depends on the familiar 
principle of hydrostatics (202), that the heights of liquid columns in 
communicating vessels are in the inverse ratio of the specific gravities 
of the liquids. What is here true of different liquids is of course true 
of the Bame liquid at different temperatures. To determine this point 
accurately, a glass tube, bent into a syphon, is filled with mercury, and 
so arranged that, while the two legs arc respectively exposed to the 
required temperatures, the corresponding heights may be exactly mea- 
sured by a cathetometer. The Coefficient of expansion for each tem- 
perature may then be calculated from (591*3) by means of the wpeeifio 
gravities thus determined. 

Let C and C roprosent the two columns; //and (Sp. Ur.) the height and 
specific gravity of C at 32°, and //' and ( Sp. Ur.)' tho height and specific 
gravity of the column C" at t°. Then, by 202, If (Sp. Ur.) — //' (Sp. Ur.)'. Let 
K represent tho coefficient of absolute expansion in mercury, and by 601 and 
yg we have (So. Ur.) = (Sp. Ur.)' (1 Kt.) Hence the value of K, obtained 

//'—// 

by combining these equations, is, A' = — ~ — * 

The mean absolute expansion of mercury was by this method found by Dulong 
and Petit to be between 32° and 212° F. for 1° F. f K ~ BB ‘ 0O ~ 0-0001001. 
This number has beeu corrected by the later researches of Kcgnault to 
K=z 0 00010085 for each degree of Fahrenheit’s scale; or, A" — 0-00018153 for 
each degree Centigrade. 

The increase of the coefficient of expansion for mercury, with Increase of 
temperature already alluded to (570), is shown in the following table copied 
item Cooke's Chemical Physics, p. 510. The degrees are Centigrade. 

38 * 
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COEFFICIENT OF EXPANSION FOE MERC TRY. 


Trne Temperature 
ty Air Thermo- 
meter. 

Mean C oefficient of 
Expansion of Merourj 
from 0O to fO. 

j Actual Coefficient of 
Expansion from fO to 
(t + 1)0. 

Volumes of Equal 
Weight*. 

0* 

0 

0-00017905 

1-0000000 

30 

0 00017976 

0-00018051 

1-0053928 

50 

0-00018027 

0 00018152 

1-0090135 

70 

0 00018078 

0-00018253 

1.0126546 

100 • 

0 00018153 

0-00018305 

| 1-0181530 

150 

0 00018279 

0-00018657 

1-0274185 

200 

0 00018405 

0-00018909 

1-0368100 

250 

0 00018531 

0 00019161 

1-0463275 

300 

0-00018658 

0-00019413 

1 0559740 

350 

0-00018784 

0-00019666 

1-0657440 


The last column of this table shows the volume to whioh one cubic centimetre 
of mercury will expand when heated to the temperatures given in the first 
column. Whenever the mean coefficient between 0° and t° (as given in the 
second column) is known, the corresponding volume may bo calculated by the 
formula V* = F(1 -f- Kt) ; and, by interpolation, the volume can be calculated 
for temperatures for which the coefficient has not been determined. 


599. Correction of the observed height of the barometer for 
temperature. — As the volume and density of mercury vary with the 
temperature, the height of the mercurial column in a barometer varies 
not only with changes of the atmospheric pressure, but also with changes 
in temperature. Before comparing barometric observations, therefore,* 
made at different times, it is necessary to reduce the observed heights 
of ihe mercurial column to the height they would have at some standard 


temperature. 

The principles enunciated in the last seetion enable us to obtain the follow- 
ing value for the height of the barometer reduced to 32° P. 

a — jit w ! t being the dedj&es Fahrenheit above freezing; or, 

9916 + t * 

& — t 7 f w f , when t is given in degrees of the Centigrade scale. 

** 5508 -ft , 

The true height of the barometer is therefore to be obtained by subtracting 
Um correction from the observed height when the temperature is the 

fewing point. There ia also a small correction to be made for the expansion 
of the scale, whioh for present purposes may be negleoted. 

600 Apparent expansion of mercury.-Tbe apparent expansion 
of mercury in | gloss is readily determined by means of the simple 
£ZL7*een g in fig. 467, consisting only of a glass tube, r drawn 
State a narrow neck, which is recurved so as to dip conveniently into 
die cud e. The weight of the empty tube is first taken, and it is the 
filled with mercury in the manner described in ? 568; ; ta ing ^ car ^ 
expel, by continued boiling, the last traces of air and “ 018t “ r ^ 

J 'ts contents are then oooled to 38° f. by immersion in me ting 
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ice, the point o being kept constantly beneath the mercury in c. It is 
then weighed again, and thus by deducting the weight oi' the empty 
tube we learn the weight ( W) of the mercury it contains 407 
at 32°. Lastly, it is exposed to a constant temperature, t° 

(say of 212° F., see fig. 443), and the weight of the escaping 
mercury (to) ascertained. The weight of the mercury which 
fills the tube at f is therefore W — w. From these data the 
coefficient of apparent expansion is calculated. 

The volume, V, of a weight of mercury, represented by 11' — ir 
IF — i* 

at 32°, is V = — — - — — — . Now this weight of mercurv at t° filled 
{Sp. Gr.) 

the same volume (i. e., the whole apparatus), not regarding the 
expansion of the glass, which was filled by tlio weight, IF, at 

w 

The volume of the weight W — to at t° is therefore V' = . 

(.S>. Gr.) 

Let the ooeffioient of apparent expansion be A', and then 
V' = V (1 + Kt ) i then substituting the values of Fund F', 

zc 

and reducing, we have K = —— = for common French 

W — to) t 

eAu* 

A similar mode of experiment gives of course the coefficient 
of apparent expansion for all other liquids. It is also applicable for tho deter- 
mination of the coefficient of expansion of all solids not acted on by mercury, 
since it ia true that the coefficient of apparent expansion for mercury is equal 
to the coefficient of absolute expansion less tho coefficient of expansion of the 
material for the containing vessel. • As the coefficient of absolute expansion for 
mercury is known with the greatest accuracy, it follows that, by an application 
of the reasoning in this .section, we have tho means of determining the coefficient 
of expansion in glass and other solids. 

001. Amount of expansion of liquids. — Liquids expand very 
unequally for equal increments of heat ; the law of their expansion 
has not been fully determined. Generally the most expansible liquids 
hre those whose boiling points are the lowest. Those whoso boiling 
pointB are high have usually a small but very regular expansibility, 
especially at temperatures much below their boiling points. 

The rate of expansion in all liquids increases with the temperature, 
but it varies with each substance according to laws not well understood. 

Between 32° and 212°, mercury expands 1 in 55, water l in 21*3, 
sulphuric acid 1 in 17, alcohol 1 in 9 4 -, &c. See I able IV. 

The statement, in the first edition of this work, that in many liquids of analo* 
gous chemical constitution, the rate of expansion is nearly uniform at equal 
distances from their respective boiling points, appears, from the observations of 
Pierre, not to he bus • lined. 

The expansibility of liquids is not in proportion to their density, but 
IS wore nearly the inverse of this than in any other known ratio. 
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602. Expansion of liquids above their boiling points.- The 

late researches of C. Drion* show that the coefficient of expansion in 
liquids, above their boiling points, increases at an accelerated ratio, and 
even surpasses the coefficient of expansion in gases. As long since as 
1835, Thilorier, in his memoir on liquid carbonic acid, states that this 
liquid expands between 0° and 30° C. (32° to 86° F.), four times as much 
as air expands for the same range of temperature, being as for the 
liquid gas to for air. Twenty volumes of liquid carbonic acid, 
between 32° and 86° F., become therefore twenty-nine volumes. 

Liquid sulphurous acid, and cyanogen present the same apparent 
anomaly, as well as certain fluids found in the minute cavities of topa* 
and quartz crystals. 

The experiments of Drion were made on chlorid of ethyl, sulphur- 
ous acid, and hyponitric acid. 

Curves of expansion of liquids. — The variation in the expansion 
of liquids may be graphically represented as in fig. 468. The diagram 
shows the lines representing the 4f>8 


expansion of six liquids. In each i qqq ggo 960 940 920 900 <80 
case 1000 parts of liquid are taken F oc 

at 212° F. The horizontal linos 30 -U^^s 20 

(reading from above downwards) \ 

show the bulk of the liquid at 40 

temperatures below the boiling 1(|fl \ \ 60 

point. These temperatures are \ 

represented in degrees of Fab- 144 — X ' — 

renheit’s scale on the left hand 1fln a\ boo 

column, and in Centigrade de- 
grees on the right hand. The line A indicates the contraction of mer 
•ary i B, that of water; C, for alcohol; D, for wood spirits; E, for 
fl y »». ether; F, for terchlorid of silicon ; G, for ordinary ether. 

Tfaas at 108° below the boiling point (at 104° ».), WOO parte water have 
T -. — to to M6 parts; alcohol into 931 parte; and formic either into 918 


ipertSo 

m amount of force exerted in the expansion of liquids 

u Mormons ; being equal to the mechanical force required to comprem 
expanded liquid into its primitive volume. ^ ^ ^ , ibaity 
» TbM tbo expansion of morcur, lkr«^ ^ amount of force required to 
9m a single atmosphere w 000005. . hestine it 10° V. is equal to 190 

Zu* ^ mercury to ite cig na b f •^^‘ “pressure to a square inch, 
atmospheres (10085 + 53 = Wh or! Wm “ ^ cl0 sed vessel. filled 

Owing to this onormons force exerted d g when heat applied. 

utlfe })quld, however strong tney mft y 00 — _ — 



604. Expansion of water. — Water, which presents so nmny re- 
markable exceptions in its physical history, does so in no respect 
more than in the singular irregularities observed in its expansion for 
equal increments of temperature between 32° 
and 212°. Its total expansion for this range is 
by no means large, while its coefficient of ex- 
pansion is found, by an examination of Table 
IV., to be smaller than that of any liquid 
except that of mercury. The expansion of 
water, which is irregular through the whole 
range, from freezing to boiling, is especially so 
between 32° and 40° F. While all other liquids 
are most dense at their freezing points, the 
maximum density of water occurs some degrees 
above that point (39°'2 F.), and above or below 
this temperature it expands. 

Maximum density of water.— To illustrate, 
by experiment, this signal exception in water to the 
ordinary laws of expansion, a water thermometer, like 
6g. 4fi9, may be used. The flask, holding about a 
quart, is filled with water, and the tube passing into 
it is secured water-tight by a brass cap or well fitting 
cork, so that at ordinary temperatures the column 
of water stands at some convenient point on the 
scale of equal parts. It is then set in a cold room 
(below freezing), and the loss of temperature indi- 
cated by the fall of the column of water, is more 
accurately noted by a mercurial thermometer seen in 
the figure placod within the flask. When that tem- 
perature reaches about 42° F. (6° C.) the fall of the 
water column ceases — it oomes to rest for a short 
time, and at 39° or thereabouts (4° C.), it is seen to I 
mount more and more rapidly as the temperature | 
falls, until it reaches 32° (or even lower, if the apparatus is kept quite still). 

If the apparatus is filled with water near the temperature of maximum density, 
and placed in a warmer room, we have evidence of the converse, and not less re- 
markable fact, that expansion equally occurs, whether we heat or cool the water. 
These results are somewhat obscured by the expansion of the glass ; hut for a 
few degrees above and below 38°, the density of water is nearly uniform. 

At the moment of freezing, water expands about ten per cent, of its volume, 
and the fact is often evidenced in the apparatus here figured, by a jet d'mu from 
the tube at the moment of freezing. 

Owing to the difficulty of compensating the errors involved in the expansion 
of the obtaining vessels, the point of maximum density cannot be settled with 
absolute accuracy. Hassler assumed it at 39*83 F. in his determination of the 
value of the United States standards of measure. Gineau determined the 
French unit of weight at 40° F. (4*6 C.), and Despretz, in ]K39, fixed it at 
S9°*2 ei 4 e C. The later researches of PlUcker and Geissler reduced it U 
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80°*84 ; but it i« agreed by physicists to assume 4° C., or 39°*2 F., as represent- 
ing the true point of maximum density for water. 

The apparatus shown in fig. 470, serves well to illustrate the effect of this 
taw in the freezing of lakes and rivers. A glass jar, around 470 

the central part of which is fitted a metallic vessel, c, is pro- 
viied above and below with two delicate thermometers, 1 F, 
entering the sides of the jar horizontally by openings drilled 
for that purpose. After filling the jar with water, a freezing 
mixture of ice and salt is placed in c, which rapidly cools the 
water. The two thermometers continue to indicate nearly the 
same temperature until tho water is cooled to 39°-2 F., when it 
will be observed that the lower thermometer remains at that 
point, while the upper one indicates a lowur temperature, until 
it finally reaches 32° F., or even lower. 

Tho explanation of these phenomena is, that the water, 

Cooled by the freezing mixture, becomes more dense and sinks, 
while other and lighter portions rise, to be cooled and sink 
in turn. Thus a system of currents is established, by which 
the wholo of the water gradually reaches the temperature of 39°*2. On cooling 
below this point, the water expands, and, thus becoming lighter, the colder 
portion remains at the surface, and is further cooled by the freezing mix- 
ture, while the water in tho lower part of the vessel, not coming in contact 
with the freezing mixture, and being no longor disturbed by currents, remains 
at the temperature of .‘19° 2. 

Effects of the unequal expansion of water. — Under the influ- 
ence of this law of unequal expansion in water, the cold of our most 
severe winters produces only a comparatively thin covering of ice upon 
the lakes and rivers. Water freezes at 32°, but, before that tempera- 
ture can be reached, expansion sets in at the surface, and the water, 
although colder, is specifically lighter than the warmer water below, 
and, consequently, fl< ate buoyantly upon it. Ice i8 formed only on the 
surface, but, being a very bad conductor, it cuts off the escape of heat 
from the water below, and this renders the freezing process a very Blow 
one. In fact, a film of ice may be likened to a blanket, which, although 
of itself cold, becomes a means of preserving heat by cutting off ra- 
diation. 

Lake Superior has, uniformly, throughout the year, the temperature of about 
40°, at a short distance below the surface; mid the deep sea soundings show, that 
the sea, at &jo bottom of the ocean, even under the Gulf Stream, is below tbs 
temperature of maximum density, which, in saline solutions, is lower than in 
pure water. The temperature of the deep Alpine lakes is 39° *2 F., at all 
teasous of the year. 

Maximum density of different aqueous solutions. — The solu- 
tion of various salts in water has the effect of lowering its point of 
maximum density. Thus, the point of maximum density of sea-water 
b 25°.70. The point of maximum density of solutions falls more 
rapidly than their point of congelation, and is proportional to the 
quantity of salt dissolved. 




The volume of water, at different temperatures, has been de 
termined by several experimenters, and the results, according to Kopp, 
are given in Table XXIV., with the corresponding specific gravities, 
both when taken at 32°, for the unit of volume and density, and also 
at 4° C. (39°*2 F.). 

III. EXPANSION OF OASE8. 

605. General statement. — Gases and vapors, being under the 
influence of repulsion, and having little cohesion, expand, for equal 
increments of heat, much more than either solids or ordinary liquids. 
(Compare l 602.) 

The expansion of air, and of all gases, may bo shown by plunging the open 
end of a bulbed tube into water; a slight elevation of temperature, even the 
heat of the band, will expand the air in the bulb, and eause a part of it to cscapo 
in bubbles through the water. And when the source of heat is withdrawn, the 
rise of the water in the tube indicates the amount of expansion (004). 

606. Gay Lussac’s laws for the expansion of gases by heat. — 
Gay Lussac was the first to discover the general laws of the expansion 
of gases by heat. The gases on which he experimented were not freed 
from moisture; but the laws which lie deduced are remarkable for their 
great simplicity and general accuracy, considering the state of experi- 
mental science at that time (a. d. 1805). They are as follows: — 

1st. All gases have the same coefficient of expansion as common air. 

2d. The coefficient of expansion remains the same , whatever may he the 
pressure to which the gas is subjected. 

These laws, like the laws of Mariotto (274), though sufficiently accurate for 
ordinary purposes, are found, by the more eomplete experiments of modern 
science, to be not strictly correct 

607. Results of Regnault's experiments upon the expansion 

of gases. — Very valuable experiments were mode by Dulong and 
Petit, but the most recent and complete investigation of the expansion 
of gases by heat, was conducted by Regnault. In all his experiments, 
the different gases experimented upon were completely deprived of 
moisture, and the results of his experiments are contained in tho fol- 
lowing tables : — 

EXPANSION or OASES BETWEEN 32° AND 212° F. (iAMIN). 


Owes. 

Under Constant Volume. 

Under Constant Pressure. 1 

Air 

03665 

0-3676 l 

Nitrogen ...... 

0 3668 

0*3670 

Hydrogen 

0-3667 

0-3661 

Oxyd of Carbon . . . 

0-3667 

J-3669 

Carbonic Acid .... 

0-3688 

0 3710 1 

Protoxyd of Nitrogen . 

0-3676 

08719 | 

Sulphurous Acid . . . 

0-3846 

0-3901 

j Cyanogen 

6*3829 

0-3877 
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From this tabic it appears that the coefficients of expansion of those 
gases which have never been condensed to liquids, are very nearly the 
same as air ; while the coefficients of the condensible gases, carbonie 
acid, sulphurous acid, and cyanogen, are considerably greater, and the 
greater in proportion as they are more readily condensed into liquids. 
Each gas has two coefficients of expansion, — the coefficient of expan- 
sion for a constant volume being less than for a constant pressure,* 
except in the case of hydrogen, in which the reverse takes place. This 
agrees in a remarkable manner with the fact (270) that hydrogen alone 
is less compressible than the law of Mariotte would indicate. 

It is further shown, by the experiments of liegnuult, that: — 

1st. The coefficients of expansion are very nearly , but not absolutely , 
the same for different gases. 

2d. The coefficients of expansion, for different gates , vary more from 
each other in proportion as the pressure to which they are subjected is 
increased. 

3d. The coefficients of expansion for all gases , except hydrogen , increase 
with the pressure to which they are subjected , and this increase is most 
rapid in those gases which deviate most from Mariotte' s law (270). 

4th. For ordinary calculations , under the pressure of the atmosphere , 
the coefficient of expansion for all gases may be considered as 0‘3G06 
between the freezing and boiling points of water , or of the volume at 
32°, for each degree of Fahrenheit's scale. 

For accurate scientific purposes, the coefficient of expansion of every gas con- 
tiderod must be takou from the tables given for that purpose. 

Table V., Appendix, gives the coefficients of expansion of common gams 
under varying pressures. 

008. Formulae for computing changes of volume in gases. — In 

physical researches it is often desirable to ascertain flic increase or 
decrease in volume which a given gas undergoes by measured differ- 
ences in temperature. This is easily doue by the following formulae : — 

Let V represent the volume of the gas at 32° F., V’' its volume at the higher 
temperature, and t the number of degrees between 32° and the higher tempera- 
ture. The increase iu the volume will therefore he expressed bv V — f. Ani 

V 

•inoe the |ncreaso in volume for 1° F. is generally the increase for th« 
higher temperature is ~ X *• 

jr 

Therefore, V ' — V mm — X b **»d V =» V ^1 -f ^ 

If tlio gas is subjected to a lower temperature, it suffers a diminution iu To- 
expressed hv V — i r , and if t expresses the number of degrees below 82* 

* This may be due to the action of cohesion. 
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«o which it i« reduced, and — its diminution foe 1° F., then tie dimimtioa 

V V 

for the lower temperature will be — X f, and V — V* — •— X *» 

491 ^ 491 

Therefore, V' _ V ^1 — — )• 

If the volume of a gas at 32° F. is known, it* volume at any other teupent- 
tare above or below 32°' may be calculated by the followiug 

HUMS. 

41 

Multiply the difference IxUcrrn the nv miter of degrees of temperature 
and 32°, by the coefficient of expansion of the gas ( for ordinary purjwsee 
this coefficient equals 1 divided by 491). Add the quotient to 1, if the 
temperature be above 32°, and subtract it from 1, if it bt below 32°. 
Multiply the number thus found by the volume of the gas at 32°, and the 
product will be the volume of the gas at the observed temperature . 

609. Formulae expressing general relation between volume, 
temperature, and pressure. — The volume which a gut* occupied de* 
pends not only on the teinpernture, hut ulso upon the pressure to which 
it id subjected (274); the pressure of a gas being inversely as the 
volume into which it is compressed. 

As the volume of a gas at the same temperature ia inversely as the pressure^ 
if 1’ and I" be two volumes under the same temperature, and uudor the pres- 
surus P and P ' ; then, 

V 

V : T = P' : P, and F — V X pf ’ 

If t and /' express the number of degrees above or below 32°, at wbicb 
the temperature stands (-}- being used when above, and — when below), if a gar 
be simultaneously subjected to changes of temperature and pressure, tho rela- 
tion between its volume, pressure, and temperature, will be expressed by tht 
general formula 

V 1 ± Kt /” 491 ± t w P f 

F ““ 1 ±_ AV ^ P 491 Hh V ^ P m 

610. Relation between expansibility and compressibility.— 

It had been found, generally, that the most expaudible liquids are the 
moat compressible. 

Solids expand less titan liquidu, and are likewise less c< 
while liquids have a less expansibility and compressibility than , 
Among solids, the most expansible are gcnorally the most easily coin* 
pressed. 

The expansibility of a substance increases with the temperature, m 
does also its compressibility. 

611. Density of gases. — The density of gases and vapors is oom> 
pared with atmospheric air os the standard, air being called 1 , or 1000 

SO 
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The method for the’ determination of the density of gases .8, in prin- 
ciple, the same as for the density of liquids. The determinations are 
made in a glass globe, fig. 206 (g 258), to which an accurately fitted 
Btop-cock is attached. The globe is first weighed, when filled with 
dry and pure air, and again after being exhausted of air by means of 
the air-pump; the difference in the two weights gives the weight of air 
contained in the flask. The globe is then filled with the perfectly dry 
givs under examination, and again weighed ; the weight found, less the 
weigh ;f the globe, gives the weight of the gas. The weight of the gas, 
divide, by the weight of the same bulk of air, gives the specific gravity, 
or density of the gas, as compared with air. 

Example : A glass globe held 28*73 grains of atmospheric air, and 43*93 
grains of carbonic acid. The specific gravity of the latter is therefore 43 93 ■+- 
28*73 « 1 - 529 , or, 28-73 : 43 93 = 1000 : 1 529 . 

A number of corrections must be made, iu order to obtain the true density 
of the gas under examination. Thus, the barometric height, and tbe tempera- 
ture of the air at tbe time of weighing, must be reduced to the standard baro- 
metric height, 30 inches, and tbe standard temperature, 62° F. Corrections 
must also be made for tho film of hygroscopic moisture, always adhering to the 
globe, and for the buoyancy of the globe in the air. 

Kegnault has reduced the number of corrections ordinarily necessary, by 
counterpoising tbe globe in which the gas is weighed by a second globe of equal 
size made of the same glass. Thus, the corrections for the film of hygroscopic 
moisture, and tbe buoyancy of the globe in tbe air, may be dispensed with, as 
they are equal in both cases. 

Tbe most important applications of h knowledge of the density of gases have 
been made in chemistry. As in demonstrating and elucidating the discovery 
of Gay Lussac, that the volume of a compound gas is either equal to, or bears 
a very simple relation to the volumes of its constituent gases. Also, in calcu- 
lating the atomic weight of numerous elementary substances. 

Table XI. c., Appendix, gives tho density of the most important gases, as 
obtained by distinguished autnorities. 

2 4. Communication of Heat. 

I. CONDUCTION. 

C12. Modes in which heat is communicated. — Ileat is commu- 
nicated in three ways: 1st. By conduction (chiefly in solids). 2d By 
convection, or circulation, in liquids or gases. 3d. By radiation. 

613. Conduction of heat. — Heat travels in solids slowly, from 
particle to particle. It implies contact with, or close approach to, a 
hotter body. The end of a bar of iron thrust into the fire, becomes 
red-hot, while the other end enn yet be handled. Things viry very 
much in their power to conduct heat, every substance having its owu 
rate of conductihility. 

A metallic vessel, filled with hot water, is at once as hot as its contents, while 
sa earthen vessel becomes heated slowly. The metal is a good, and the ea: 
ware is a bad, coidue.or. A pipe-stem, - r glass tube, held in a spirit lam; 
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may U heated rod-hot within a short distance of the fingers, where a wire of 
Silver or eoppor would become at once too hot to hold. 

The progress of conducted heat in a solid is easily shown by a nictnllic rod, 
to which are stuck by wax several marbles, at equal distances ; one end is held 
In a lair p, when the marbles drop off, one by one, as tbc heat melts the wax; 
the one nearest the lamp falling first, and so on. If the rod is of copper, they 
all fall off very soon ; hut if a rod of lead, or platinum, is used, the heat is eon- 
ducted much more slowly. 

Solids conduct heat hotter than liquids, and liquids better than gases, which 
are tbs poorest conductors of all. The metals, us a class, are good conductors, 
and their oxyds, as a class, arc bad ones. The more matter, then, is present 
in a given body (». e. the higher its deusity), the greater, as a general rule, is 
its conducting power, and rive versa. 

G14. Determination of the conductibility of solids. — The appa- 
ratus of Ingenlmusz. fig. 471, may be employed to determine the u/in/tmi 
conductibility of solids. 

This is a small copper box, one side of whieh is pierced with holes, in which 
are fitted, by means of corks, small cylinders of different substances, of the 
same size, covered with wax. When the vessel is 471 

filled with boiling water or hot sand, the wax will 
he melted from the rods in the order of their cm 
ductibility, viz., copper, iron, lead, p<*rvrlaii 
glass, wood. Or small hits of phosphorus inn 
be placed at equal distances upon the r»»ds, and 
these will be fired in corresponding succession. 

To determine the relative cunduciihility of 
solids, the apparatus of Desprctz may bo 
employed, fig. 472. 

It is a series of prismatic bars, a h , boated at one end. «, by an nrgnnd lamp. 
Each bar has • series of small cavities, T, formed in it, at. equal distance! 
(1 r. m. s= *3U in.) throughout its length, and tilled with mercury. In each 

472 



of these cavities is placed a thermometer, whi*‘b indicates the progressive pro- 
pagation of the heat along the bar. liar.- of various metals are used. Jly heating 
these bars successively over aaiteady lump flame, their relative conduotihility 
will he indicated by the times required for them each to attain the same tern* 
perature. 
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615. Conduotibility of metals, Sec. — Gold is a better fcoduetqt 
of heat than any other metal, or other solid. Its conductibility is repre* 
•anted by 1000. The order of the conductibility of other metals is 
(according to Desprctz) platinum, copper, silver, iron, zinc, tin, lead. 
The conductibility of the last-named metal is only 179*6. 

The precise rate of the conduct ibility of these metals, according to different au- 
thorities, may be seen in the Appendix, Table VII. and in Table VII b , show- 
ing tbe conducting power of different materials used in the construction of houses, 
as observed by Mr. Hutchinson. The substances are arranged in the order in 
which they most resist the passage of heat, those substances which are most 
valuable in construction in this respect (vis., the warmest) being placed first. 
Tbe substances marked II. P. are the building-stones employed in the construe, 
tion of the new houses of parliament. 

GIG. Conductibility of crystals. — The conductibility of homoge- 
neous solids, and of crystals belonging to the monometric system, is 
the same in every direction. But in crystals of other systems, the 
conductibility varies in different directions, according to the relation 
of the direction to that of the optic axis of the crystal. 

Senarmont, in his experiments, took thin plates of crystals, some cut parallel 
to tho optic axis, and others at right angles to it. In the centre of each plate a 
•mull hole was drilled for tho reception of a silver wire, 473 

which was heated by a lamp; the surfaces of the crystals 
were covered by a thin coating of colored wax. The con- 
duction of the heut was observed by the melting of the wax, 
the molted portion assjuinitig, with crystals of the monoiuetrio 
system, the form of u circle. 1, fig. 473, and in the other 
systems, ellipses of different forms, 2, fig. 473. 

G17. Conductibility of wood. — The dependence 
of the conduction of heat upon molecular arrange- 
ment. is shown on well in organic structures as in 
crystalline media. This subject was investigated most 
carefully by Dr. Tyndall, who examined the conduct- 
ing power of various organic substances, especially 
wood. 

He found that at all points not situated in the centre 
of tho tree, wood possesses three unequal axes of calorific 
conduction The first and principal axis, is parallel to the 
' fibres of the wood ; the second, and intermediate axis, is 
perpendicular to the fibres and to tbe lignoous layers, and 
the third, and least axis, is perpendicular to the fibres, and 
parallel to the layers. It may be stated, as a general law, that, the axe* of 
calorific conduction in wood coincide with the axe * of ela*ticity t cohesion, and 
permeability to liquid W, the greateet with the greatest, and the leant with the lea*t. 
The heat-conducting power of wood hears no definite relation to its density, 
Amerhan birch, one of the lightest of woods, conducts heat better than 
other. Oak wood, which is very dense, conducts nearly as well, hut iron wood. 
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wktoh hta the great denaitj of 1*426, it very low is ito stale of conduetloa, 
Chroen woods conduct beat better thau dry. 


618. Vibrations produced by conduction of heat. — When s 
hot bar of metal, having a narrow base, is supported on knife edges 
of metal or crystal, or upon metallic points, a vibratory motion of the 
bar is produced, and continued until the temporuture of the bar and 
the supporting body become nearly the same. This vibration produces 
a musical tone varying with the nature of the metal and the form of 
the bar. 

It was formerly supposed that these vihrations indicated that h M was pro- 
duced by molecular vibrations. But it has boon shown by Tyndall (. hil. Traits. 
1861) that these vibrations are caused by the want of synchronism in the sudden 
expansion of the points of support, as heat is coinmuuicutcd from the metallic bur. 

Dr. Page produced similar vibrations by employing a rocker having a cylin- 
dr ic&l surface supported on two narrow bars, using voltaic electricity as u source 
of heat. Am. Jt»ur. Set. [2] XX., p. 166. 



619. Conductibility of liquids. — Count It tun ford concluded, from 
his experiments, that liquids were absolutely non-conductors of heat, 
but later experimenters have determined, that 471 

liquids do conduct heat, but only to a very 
limited degree. That the conductibility of liquids 
for heat is very slight, is shown by iluinford's 
apparatus, fig. 474. 

The glass funnel is nearly filled with water A ther- 
mometer tube, with large bulb, in so arranged, that the 
bulb is just below the surface of the water. The stem 
passes through a tight cork, and contains a few drops 
of colored liquid at A, which will move with any 
change in bulk of the air contained in the bulb. A little 
ether poured upon the surface of the water and ignited, 
does not cause any movement iri the column of fluid (as 
‘may be found by pasting a line of paper on the stem ut 
one of the drops of liquid), which would be the ease if 
any sensible warmth was communicated. The warmth 
of a finger, touching the bulb, will at ouce cause the 
fluid to move by expanding the air within. As tin 
walls of the glars vessel gradually become hot by con 
duction, the water will slowly rise in temperature By \ 
beating a vessel on the top, therefore, wc should never 
succeed in creating anything more than a superficial elevation of temperature; 
at « small depth the water would remain cold. The heating of liquids is effected 
by means of currents, as will be presently explained (627). 



020. Conductibility of gases. — Gases are more imperfect con- 
ductors of heat than liquids. It is difficult to make accurate exferi- 
ments upon this subject, from the readiness with which curremts are 
formed, and which thus diffuse the heat, but we know that gases, when 
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confined are almost non-conductors of heat. Thus, substances which 
imprison large volumes of air within their pores, as down, wool, 
feathers, &e., are very poor conductors of heat. 

Air, loaded with moisture, is rendered thereby a much better con- 
ductor of heat than dry air, in the proportion of 230 to 80; hence, 
damp air feels colder to the body than dry air of the same temperature 
because it conducts away the heat from the body more rapidly. 

The sense of oppression experienced before a thunder storm is due to 
the combined effect of the heat and moisture of the atmosphere. 

621. Relative eonductibility of solids, liquids, and gases. — 
If we touch a rod of metal heated to 120° F„ we shall be burned; 
water at 150° will not scald, if the hand is kept still, and the heat is 
gradually raised ; while dry air at 300° has been endured without injury- 

The oven-girls of Germany, clad in garments of woolen ami thick socks to 
protect their foot, enter ovens without inconvenience, where all kinds of culi- 
nary operations are going on, at a temperature above although the touch 

of any metallic article while there would severely hum them. 

622. Examples and illustrations of the different conductibi- 
lity of solidB, are very evident to common observation. 

The crust of the globe is composed of poor conducting materials, and not- 
withstanding the intensity of the central fires within, the amount of heat which 
escupes is so inconsiderable, that it has now no sensible influence on the tempe- 
rature of the surfuce. It has been calculated, that the quantity of central hoat 
which roaches the surface in a year would not suffice to melt an envelope of ice 
surrounding the earth one-quarter of an inch in thickness. 

Water-pipes laid at a distance of a few feet under ground, are not fro7.cn 
by the winter’s cold, because the soil is a comparatively poor conductor. 

Fire-proof sides are boxes of iron, constructed with double or treble walls, 
the intervening spaces of which are filled with gypsum (plaster of paris), burnt 
alum, or some other non-conducting material. These linings prevent the exterior 
heat, in case of fire, from passing to the books and papers within. Furnaces arq 
lined with fire-bricks, because, being of poor conducting ami infusible material, 
they prevent the waste of hout. Ivory and wooden handles are attached to 
cooking vessels, and to tea and coffee pots, because, being poor conductors, they 
prevent the heat from passing to tho hand so rapidly as to burn it. Hot dishes 
are placed upon mats that tho table may not be injured. Water is sooner heated 
Id a metallic vessel than in one of glass or porcelain, because the first conduct# 
Ibe bout more rapidly from the fire than the others. 

Buildings constructed of wood and brick are cooler in summer and warmer is 
winter than those of iron, because they are poorer conductors of beat. 

The hearth-stone feels colder than tho wooden floor, and this than the ?arpet» 
owing to the difference in their conducting powors, although all are at the same 
temperature. 

623. Examples drawn from the animal and vegetable king- 
doms. — The covering of auiuials not only varies with the climate 
which the sevoral species inhabit, but also with the season. This 
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mvering is not in itself a source of warmth, but prevents the escape 
jf the vital heat from within. 

Animals in warm climates arc generally naked, or are covered with coarse 
end thin furs, which in cold countries are hue. close, and thick, and are almost 
perfect non-conductors of heat. The plumage of birds is likewise formed of 
substances which are poor conductors of heat, containing also a large quantity 
of air in their interstices Resides this protection, the birds of cold regions are 
provided with a more delicate structure beneath the feathers, called down, which 
intercepts the heat still more perfectly. The fossil elephant of the White River, 
in Siberia, was covered with three sorts of hair, of different lengths, the shortest 
being & fine, close wool, next the body, a protection against the arctic cold. The 
arctic navigator and the Esquimaux endure the cold of — 40°, or — fi0°, F. with 
the aid of fur hags and clothes. Animals with warm blood, which live in the 
water, as the whale and sent, are surrounded with a thick covering of oil and 
fat, which acts in a manner similar to the furs and feather.* of land animals. 

The hark of trees is much more porous than the wood, and, being arranged in 
plates and fibres around the body of the tree, prevents such a loss of heat as 
would be injurious to its life. 

021. The conducting power of substances in a pulverised or 
fibrous state, in less than that of t ho name tiling in a compact mass, 
partly because the continuity of the sulmtancen in diminished, and also 
because of the air imprinoned among the particle*. 

Saw dust in a loose state, is a very poor conductor of heat, much poorer 
than the wood of which it was formed. 1 civ houses are built with double walls, 
between which dry straw, shavings, or sawMlust, are placed, keeping the interior 
cm 1 by excluding the heat. Ice wrapped in flannel is preserved by excluding 
the warm air. Refrigerators are generally double walled boxes, the space 
1 ntween the walls being filled with powdered charcoal, or some other porous 
non-conducting substance. I Fee Vrntilntinn ) Similarly constructed vessels 
form the ordinary water-coolers. 

Snow is made up of crystalline particles, enclosing a large quantity of air 
among their interstices, which, being a very good non-conductor, prevents the 
escape of the heat from the earth and limits the penetration of frost, which 
always reaches a much greater depth in winters without snow, than when snow 
abounds On the flanks of Mount A3tna, the winter snows often reach near to 
the border of the fertile regions, and it is the practice of the mountaineers to 
cover those parts of the Rnow which they wish to preserve for summer use, with 
two or three feet thickness of volcanic sand and powdered pumice, everywhere 
abounding. The snow, thus protected, remains all summer under an almost 
tropical sun, and is distributed from these natural ice-houses over the whole 
Island of Sicily. There exists even to this day a heavy bed of ice near the 
summit of ARtna, covered first by on eruption of ashes and sand several yards 
thick, and subsequently by a flow of molten lava, many centuries since. This 
store of ice has been opened and used when the supply below on the mountain 
fell short. Straw-matting, and other fibrous materials, being poor conductors, 
are used t) envelop tender plants and trees to protect them from severe cold. 

625. Clothing. — The object of clothing, in cold climates, like tb 
furs and feathers of animals, is to provent the escape of heat from the 
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body. Fibrous materials, as wool' and furs, are best adapted for cloth* 
ing, because they are themselves very poor conductors of heat, and 
likewise contain air in their interstices. 

The order of the conductibility of the different substances used for clothing, 
Is as follows : — linen, cotton, silk, wool, furs. Henco a woolen garment is 
warmer than one of cotton, or silk, or linen. The linen sheets of a bed feel colder 
than the woolen blaukets, because they are better conductors of heat. Fins cloths 
are warmer than ooarse ones, because they are poorer conductors of beat In 
summer, coarse linen goods are used, because they allow the escape of beat from 
the body more readily than other materials, while a dress of fine, close woolen 
goods, is a better protection from the cold of winter than anything else, 
excepting furs. A thick dress of non-conducting material is sometimes used 
to exclude heat, as when workmen entor a hot furnace in certain manufacturing 
processes. • 

II. CONFECTION. 


626. Convection. — Although liquids and gases are very poor con- 
ductors of heat, yet they admit of being rapidly heated by a process 
of circulation called convection, and which depends upon the free 
mobility of their particles. The particles of liquids and gases in 
immediate contact with the source of heat k becoming warm, and also 
specifically lighter, rise, and, moving away, make room for others ; this 
is continued until all the particles attain the same temperature. Cur- 
rents are thus produced both in water and air. 

627. Convection in liquids ; — The circulation just mentioned may 
be rendered visible by heating in a flask, water containing a little bran 
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or amber (or other substance of about the same density 
as water), over a spirit lamp, as shown in fig. 475. 

The particles of liquid at the bottom of the vessel- 
where the heat is applied, becoming heated, rise, and 
other particles of colder liquid come in below, and 
supply their place. Thus two systems of currents are 
formed. In the centre of the jar, currents of the hot 
particles ascend, and descending currents of colder 
particles, flow down the sides ; this circulation con* 
tinues until the whole mass has attained the same 
temperature. 


Anything that checks this free circulation, and occasions viscidity, impedes 
the boating of the liquid, and likewise prevents its rapid cooling. 

Starch and gum, during boiling, require to be constantly stirred, for tbe pur- 
pose of presenting fresh surfaces to tho action of tbe beat, and preventing por- 
tions from adhering to the hot bottom, and thus being charred. 


628. Currents in the ocean. — In consequence of the unequal heat 
to which the waters of the ocean in different parts are subjected, cur* 
rents of great constancy and regularity are formed. Under the tropica 
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Che waters teoome highly heated and flow off on either side towards the 
poles, while other colder currents flow from the poles towards the oqua* 
tor. These currents are modified in their direction by the form and 
distribution of land and water on the surface of the earth, uml the 
rotation of the earth upon its axis. 

One of those currents (called for that reason the flnlf Stream) is directed 
info tho Gulf of Mexico, around the western end of Culm, and sweeping through 
it, passes hy the narrow channel between Florida and the Kalinina Islands. It 
bos a temperature 8° or 10° F. higher than that of the surrounding ocean. 
This current passes northward, parallel to the coa«t of the t-nited Slates, 
gradually widening and becoming less marked, and finally is directed toward 
the frozen ocean and Kritish Islands. It carries away tho excess of heat from 
the AlUilles, and warm regions near tho equator, hevond the western Alluntie, 
amclior%ting the el i in ate of the Kritish I stands and all north western Kuropc. 

Tlio researches of the V. S. Coast. Survey have grmily extended our know* 
ledgo of this remarkable river of the ocean (or rather union of ninny rivers of 
warm water), first brought to the notice of the scientific world hy the illustrious 
Franklin in 1770. 

111. RADIATION'. 

629. Radiation of heat. — Hot bodies radiate heat equally in all 
directions. Radiant beat proceeds in straight lines, diverging in every 
direction from the points where it cumnutes. These diverging linen 
are called thermal rays, or heal rays. Heat rays continue to issue from 
a hot body, through the whole process of its cooling, until it sinks to the 
actual temperature of the air, or surrounding medium. It is generally 
by radiation, that bodies become heated at a distance from the source 
of heat. 

Standing before a fire, or in the sun’s light, we feel the genial influ- 
ence of the heat radiated from these sources. A candle, or gas light, 
gives off its heat as it docs its light, in all directions. A thermometer, 
placed at equal distances around the flume, indicates the huiuc tempera* 
ture. 

630. Radiant heat ia but partially absorbed by the media 
through which It passes, and is not sensibly affected by any motion 
of the media, as of winds in air. 

The sun’s rays lose about one-fourth (0 277) of their beat in passing 
through the atmosphere, the remainder being absorbed or reflected at 
the surface of the earth. The air receives, however, the greater part 
of its warmth by reflection, conduction, and convection, from the sur- 
face of the earth thus heated by the sun. 

We receive warmth from the fire upon our persons, although the air 
remains cold, and may be continually renewed. 

The conduction of beat is probably internal radiation from particle to 
particle; for the material atoms of which any Aubstance conmta, are net 
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•apposed to be in absolute contact, although held near each other by a strong 
attraction. 

631. Intensity of radiant heat. — The intensity of radiant beat is 
according to the following laws : — 

1st. It is proportional to the temperature of the source . 

2d. It is inversely as the square of the distance from the source. 

3d. It is greater in proportion as the rays are emitted in a direction 
m jre nearly perpendicular to the radiating surface. 

1st. If a thermometer be exposed at the same distance from different sources 
of heat, having, for example, the temperatures of 100°, 150°, and 200°, the 
amount of radiant heat will be directly as these numbers. 

2d. Thus, the heating effect of a body at a distance of two feet is only one- 
fourth, at three feet, one-ninth, and at four feet, one-sixteenth of what At is at 
one foot. 

This law rany bo exemplified by supposing two globes, one of one foot diame- 
ter, the other of two feet diameter, having a body equally heated in both. The 
larger globe exposes four times as much surface as the smaller one; conse- 
quently, each square inch of the larger one will receive only one-fourth as 
much hunt ns each square inch of the smaller one, while the distunce to this 
surface is only twice as great. 

.‘hi. This law may be demonstrated by the apparatus, fig. 470. In the focus 
of the mirror, a thermoscope, /, is placod. A A, B B, are screens, pierced with 
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equal openings. The vessel, n r, is filled with hot water. Tbe position of the 
index of the thermoscope will he the same, whether a c is perpendicular, or 
more or less inclined. And, as in the latter case, there is a greater surface ex- 
posed, and consequently a greater number of heat-rays pass through the screen j 
yot, as the same effect is produced, the oblique rays must be less .ntense than 
the perpendicular rays, the intensity diminishing with their obliquity. 

G32. Law of cooling by radiation. — Newton supposed that the 
rapidity of cooling of a body was proportional to the difference between 
its temperature and that of the surrounding medium. This law is cor- 
rect only for those bodies differing in temperature not more than 15° or 
20° C. (59° to 68° F.) 

Duiong and Petit made elaborate investigations upon this 8ubjeot» 



And determined that where the heated body was placed in vacuo at 
temperatures ascending; according to the terms of an arithmetic pro* 
greaston, the rapidity of cooling increased according to the terms of a 
geometric progression, diminished, however, by a constant quantity, 
this constant being the heat radiated hack upon the cooling body from 
the walls of the confining vessel* If the temperature of the vessel, 
and that of the heated body, were both raised according to the terms of 
an arithmetic progression, so that the difference between the two was 
always constant, the rate of cooling increased according to the terms 
of a geometric progression. 

Radiation is found to take place more freely in vacuo than in air. 

Coo. -Universal radiation of heat. — Heat is radiated from all 
bodies, at all times, whether their temperature he the same as, or 
different from, that of surrounding bodies ; for it is the tendency of 
heat to place itself in equilibrium. 

In an apartment where all the articles are of the same temperature, each re- 
ceives as much heat as it radiates, and, consequently, their temperature remains 
stationary. Where Home bodies arc warmer than others, the wanner rndinto 
more than they receive, until finally all attain the tonne temperature, llotico 
all bodies, however cold, will warm bodies colder 'than themselves; thus, frozen 
mercury, placed in a cavity of ice, will be molted by the beat received from 
the ice. 

C34. Apparent radiation of cold takes place when t wo paraboho 
mirrors are placed opposite to each other, having u delicate thermome- 
ter in the focus of one, and a mass of ice suspended in that, of the 
other. The temperature of the thermometer will he seen to fall, appa- 
rently by the radiation of cold from the ice. The true explanation is, 
that the thermometer is warmer than the ice. and radiating more heat 
than it receives, thus loses heat, and the temperature falls. If the ther- 
mometer had been at a lower temperature than the ice, the phenomenon 
would have been reversed. 

The following remarkable instance of the apparent focalixshon of cold, ifl 
explained in a similar manner. The experiment in due to the Florentine 
Academician Porta in the sixteenth century. If a parabolic mirror is placed 
with its axis pointing towards the sun, the heat-ray* will be reflected to the 
focus of the mirror. Put if the mirror be turned so ns to face the dear blue 
sky, its focus becomes a focus of cold, and a delicate thermometer placed at that 
point will sink, in clear weather, a few degrees in the day time, and as much 
as 17° F. at night This j nenomenon is thus accounted for: — the thermometer 
is constantly radiating heat in all directions; the mirror, being a paraboloid, 
reflects to its focus only those ray* that come in a direction parallel to its axis. 
In that direction no rays come, for there is no sourco to reflect them, eoove- 
qnently the temperature of the thermometer fails. If a cloud passes over the 
axis of the mirror, the thermometer instautly rises to its usual height. 
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{ 5. Action of different Bodies upon Heat 

I. SURFACE ACTION. 

635. Reflection of heat.— Conj agate mirrors. — Radiant heat, 
like light, is reflected at the Bame angle at which it falls upon any re- 
flecting surface. This law in respect to light has been fully illustrated 
in the chapter on that subject. 

If a piece of bright tin-plate is held in such a position as to reflect the light 
of a clear (ire into the face, the sensation of heat will bo felt the moment the 
light is seen. 

Conjugate mirror • — The reflection of heat may be shown in a still more 
Striking manner by the apparatus called the conjugate minora, fig. 477, con- 
sisting of two similar parabolic mirrors, 
arranged exactly opposite to each other, 
at a distance of ten or twelve feet. In 
the focus of one mirror is placed a heated 
body, as a mass of red-hot iron, and in 
the other a portion of an inflammable 
substance, as gunpowder or phosphorus. 

Certain of the heat ruvs pass directly 
from A to B ; the grimier part, however, 
reach B, by being twice reflected. 'Die 
rays emitted from A are reflected by the 
mirror, M, in a direction parallel to its 
own axis; these rays are received by the 
second mirror, N, and, by reflection, are 
oonvoyod to the focus B, igniting the gunpowder or pho>ph»>rws placed at that 
point. 

The reflection of heat in vacuo, takes place according to the same 
laws as in air. 

G36. Determination of reflective power. — Different bodies pos- 
sess very different powers of re- 
flection. This is well illustrated 
by the apparatus, fig. 478, de- 
digned by Leslie. 

The source of heat is a cubical 
tin canister, M, filled with boiling 
water. A plate, a, of the substance 
whoso reflective power is to be de- 
termined, is placed botween the mir- 
ror and its focus. The rays of heat 
omitted from M, which are dirocted 
upon the mirror N, are reflected 
upon the plate a, and from this, 
u^pu the bulb of the tberraoscopc, placed at the point where the rays are 
brought to a focus. The temperature indicated by the thermoscope is fonnd to 
vary with the nature of the plates. 

Tbf causes which modif) the reflective power of bodies will bo given hereafter. 
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437. Absorptive power. — Different bodies possess very different 
powers of absorbing the heat thrown upon them. The absorptive 
power of a body is always in the inverse ratio of its reflective power; 
that is, the best reflectors are the worst absorbents, and rice versa 

The absorptive power of bodies may be determined by a modification of the 
apparatus, fig. 478. At the focus of the mirror, N, is placed the bulb of a thor- 
moscopo, which is successively covered with different substances, as with lamp- 
black, ludiuu ink, gum lac, metallic leaf, Ac. Leslie 1ms been the principal 
exporimenter in this department of heat. A smoke blackened surface, and a 
surface covered with carbonate of lead, absorb nearly all the radiant heat thrown 
upon them; gluss, ; polished east iron, ; tin, j ; silver. , |J ft . Tallin 
no. VII L, Appendix, gives the results obtained by Messrs do la Provustay* 
and Desains. 

All black aud dull surfaces absorb beat very rapidly when exposed to its 
action, and part with it aguin slowly by secondary rudiution. The different 
powers of ulisorption, possessed by the difierent colors, may be illustrated by 
repeating Franklin’s experiment. Pieces of the same kind of cloth, of difierent 
colors, were placed upon the snow ; the black cloth absorbed the most heat, su 
that after a time it sunk into the molted snow beneath it, while t ho white cloth 
produced but little c fleet ; the other colored clo'hs produced intermediate effects. 
Hanged according to their absorbent powers, we have, 1. Pluck (warmest of 
all) ; 2 . Violet ; 3. Indigo; 4. Blue ; 5. iSreon ; 0. lied ; 7 Yellow ; aud 8. Whitt 
(coldest of all). 

638. Emissive or radiating power. — The earliest, and some of the 
most valuable, observations upon this subject, were published by Sii 
John Leslie, in his Kssay on Heut, in 180-1. Leslie proved that the 
rate of cooling of a hot body is more influenced by tbe state of ita 
surface , than the nature of its substance. It also varies greatly with 
difierent substances, as may be seen in the. table below. 

Leslie employed in bis experiment* the apparatus, fig. 478. A bulb of a 
thcrinoscope was placed in the focus of the mirror, the other bulb being pro- 
tected from the radiant heat by a screen. The cubical vessel containing boiling 
water, has its lateral faces covered with different substances, which are succes- 
sively turned toward the mirror. 

The table below gives the results as obtained by Leslie. Lampblack, pos- 
sessing the greatest emissive power, is 


Lampblack 

infi 

Indian ink . . 

. 88 

Polished lead . . 

10 

Water (by ealc’n) 

I no 

Ic« 

. So 

Mercury . . . 

20 

Writing paper 

US 

Minium . . . . 

. St) 

Polished iron . . 

16 

Scaling wax 

. 95 

| Plumbago . 

. 75 

“ silver, tin. 


Crowu glass . . 

. yo 

Tarn is hud lead . 

. 45 

41 copper, gold. 

. 12 


Messrs. De la Provostaye and Desains, and also Melloni, have obtained result* 
differing somewhat from those of Leslie. 8ee Table VI., Appendix. Melloni 
found that the radiant and absorbent, powers of surfaces were not always |HTO- 
portional, as the following table shows : — 


! Laapblaok 

iCftrbnnMc of Lead 

Chirm Ink. 

UitiKlu*. 

l,»c 

MiOftillr H’irfae« ] 

Absorptive power . 100 

53 

96 

52 

52 

u | 

Radiant power . 10(1 

| 100 

86 

ai 

1 72 

12 1 


40 
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Mellcai h&a also found that the absorbent power of surfaces varied consiior- 
ably* according to the source of the radiation, and the temperature of the 
raAhnt body. (See Table IX.) 

?rom Melloni’s experiments may be drawn the following conclusions — 

1. That bodies agree very nearly, but not exactly, in their emitting utl 
absorbent powers. 

2. That their absorbent power varies very remarkably with the origin and 
intensity of the calorific rays. 

3. That they approach each other more and more in their power of emitting 
and absorbing rays of heat, when the temperature approaches that of boiling 
water ; and that, when at exactly that temperature, the emitting and absorbent 
powers coincide. 

039 . Causes which modify the emissive, absorbent, and 
reflective powers of bodies. — N 't only do different bodies possess 
the powers of reflection, absorption, and emission in different degrees, 
but the physical condition of the material affects them in an important 
nuinnor. So ulso the obliquity of the incident rays, the source of heat, 
and tho thickness of the superficial layer, exercise great influence. 

The absorbent and emissive powers of metallic plates are diminished if they 
are haminoml or polished. The opposite effect is produced if the plates are 
scratched or roughened. This is doubtless owing to the change in density which 
the superficial luyers of tho plates undergo by these operations. For the same 
reason, tho reflective power of a substance is generally increased by polishing 
or hammering, and diminished by roughening or scratching it ; which latter 
also causes a portion of the heat to be irregularly reflected. That this is the 
true explanation is probable from the fact, that if such materials as ivory or 
coal are taken, whose density will not he chnngcd by roughening or polishing, 
the reflective and absorbent powers remain the same. 

The thickness of the superficial layer has an influence on the reflective power 
of bodies. Leslie covered a mirror with successive coatings of varnish ; the 
reflection diminished os the number of layers increased, until their thickness 
amounted to twenty-five thousandths of a millimetre, when it remained con- 
stant. While a vessel covered with layers of varnish or jelly had its emissive 
power increased with the number of layers, until they reached sixteen (with a 
thickness of 0*034 m. in.), when it remained coustant, even upon the addition 
of other layers. The absorbeut power of substances varies with the nature 
of tho source of heat. Thus a substance coverod with white lead, absorbs 
nearly all the thermal rnys from copper, heated to 212° F. ; 56 of those from 
incandescent platinum ; and 53 of those from an oil lamp. Lampblack is the 
only substance which absorbs all the thermal rays, whatever be the source of 
heat This subject has been ably treated by Prof. A. D. Bache.* 

The abBorpVve power varies with the inclination of the incident rays; the 
•mailer the Angle of incidence the greater is the absorption. This' is one of the 
reasons why tho sun heats the earth more in summer and less in winter. 

The reflective power of glass increases with the angle of incidence, but with 
metallic surfaces the proportion of ho&t reflected diminishes with tbe angle of 
idfltfdonce, and is tho same as the proportion of light reflected, \ 407. 

040. Application* of the powers of reflection, absorption, 

• Am. Jour. BoL [1] XXX. U, MS4 

e 
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and radiation are often made in the economical use of heat. We 
shall refer only to the more familiar examples. 

Maat-roasters and Dutch-oyons are constructed of bright tin, tJ direct the 
boat from the fire upon tho article cooking. 

Hoar frost remains longer in the presence of tho morning sun upon light- 
colored objects than upon the dark soil, because the latter absorbs much of the 
heat, while the former, reflecting it, remain too cold to thaw the frost. Water is 
slowly heatod in bright metallic vessels, as in n silver cup or a elean jright 
kottle, because they are poor absorbents, but if the sides and bottom of the 
yessels become covered with soot, the water is heated quickly. 

To keep a liquid warm it should bo contained in a vessel composed of a poor 
radiating material. Hence if tea and coffee pots, <tc., arc made of polished 
metal they retain the heat much longer than thoso which have a dull surface or 
are c.nposed of earthenware. 

btovos of polished sheet-iron radiate loss heat, but keep hot longer than thoso 
made of east-iron with a rough and dull surfaco. 

Pipes conveying steam should be kept bright or thoroughly covered with felt 
or cloth until they reach the apartments to be warmed, and there their surfaces 
•hould be blackened in order to favor the process of radiation. 

II. diathermancy. 

641. Transmission of radiant heat. — Light, passes through all 
transparent bodies from whatever source it may come. The rays of 
heat from tho sun also, like the rays of light from the same luminary, 
pass through transparent substances with little change or loss. Radiant 
heat, however, from terrestrial sources, whether luminous or not, is in 
a great measure arrested by many transparent substances as well as by 
those which are opaque. 

Tho glass of our windows remains cold, while the heat of the sun, passing 
through it, warms tho room. A plate of glass held before tho fire stops a large 
part of the heat, although the light is not sensibly diminished. 

Melloni terms those bodies which transmit boat diathermanous , or 
diathermic (from the Greek, did, though, and Oeppaivto, to heat) ; those 
bodies which do not allow this transmission of heat are termed alher- 
manous , or adiathermanir (from alpha , privative, and Oippaivtu). 

It appears that many substances are eminently diathermanous, which 
are almost opaque to light; smoky quartz for example. 

Prevost of Geneva, and Do la Roche, in France, in 1811 and 
1°12, discovered many of the phenomena of diathermanous bodies, but 
it is from the beautiful researches of Melloni, in 1832 — 1848, that our 
knowledge upon this subject has been chiefly derived. Melloni, called 
by De la Rive “the Newton of heat,” died of cholera at Naples, in 
August, 1854. 

642. Melloni'* apparatus. — The apparatus used by Melloni in his 
researches upon the transmission of heat, is represented in all its 
•esential details in fig. 479. 
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At one end of the graduated metallic bar, L L, is placed the thermo-mnlt iplimt 
m, and in connection with it, by fine wires, A B, the anastatic galvanometer. 
| 905, D. Upon the stand, a, is placed the source of heat; in this case & Loca- 
telli lamp : F is a double screen to prevent the radiation of the heat from tha 
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source, and is lowered at the moment of observation : E is a perforated screen 
which allows only a certain quantity of rays to pass through it and to fall upon 
(\ which represents the substance whose diathermancy is to be determined. 

In experimenting, tho source of heat is placed at such a distance, that, when 
¥ is removed, the heat directed upon hi, will causo the needle of the galvano- 
meter to move through 30°. Tho screen, F, is then raised, and the plate, 0, to 
be experimented upon, is placed upon the stand. When the needle of tho gal- 
vanometer, I), haw returned to 0° ^its normal position), the screen, F, is removed. 
The proportion of heat transmitted through the pinto, C, is then indicated by 
the arc of vibration of the needle, over the dial plate of I>. The construction 
of the galvanometer and thermo-multiplier is more particularly described in the 
chapter on thermo-electricity. 

Odd. Influence of the substance of screens. — In experimenting 
with liquid*, they were placed in glass cells. The stratum of liquid 
was 9*21 m. m. (\U>2 in.) in thickness. The source of heat used was 
an nrgnnd oil lamp. 

The independence of transparency and diathermancy was clearly 
shown in those researches, for it was found that the bisulphid of 
carbon transmitted three times as many heat-rays as ether, four times 
as many as alcohol, and more than five times as many as water, 
although these liquids are equally transparent and colorless. Table X 
gives the diathermancy of different liquids. 

It is found that those solids which are transparent to light do noi 
necessarily allow the passage of heat, and rice versa. Thu's sulphate 
of copper transmits the blue rays of light, but entirely arrest* the rays 
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)f heat. Again, black mica, smoked rock-salt, and opaque black glass, 
transmit a considerable portion of the heat-rays, but prevent the 
passage of light. 

Rock-salt is the only substance that permits an equal umount of heat 
from all sources to pass through it. Melloni experimented with plates 
of this substance of a thickness varying from one-twelfth of an inch to 
two or three inches, and in all cases 92 3 of 100 rays incident up*n 
them were transmitted. The loss of 7*7 per cent, being duo to a 
uniform quantity which is rellected at the two surfaces of the plate. 
Rock salt is, therefore, to heat, what clear glass is to light, and well 
deservos the name which Melloni gave it, of the glass of heat. 

The diathermanic power of different solids for different sources of heat 
may be found in detail in Table XIII. 

644. Influence of the material and nature of the source. — The 
quantity of heat transmitted through different solids of the same thick- 
ness is very variable. The nature of the source of heat exercises a 
great influence on the diathermanic power of bodies. Melloni, in his 
experiments, used four sources of heat, viz. : 1. The naked flame of a 
lamp ; 2. Incandescent platinum ; 3. Copper heated to 700° F. ; and, 
4. Copper heated to 212° F. 

64'). Other causes which modify the diathermanic power of 
bodies are the degree of polish, the thickness and number of tlio 
screens, and also the nature of the screens through which the heat has 
been previously transmitted. 

The quantity of boat which a diathermanic body transmits, increases with tho 
degree of polish of its surface. The diatherinunic power of a body diminishes with 
its thickness, although according to n less rapid rate. Thus with four plates whoso 
thickness was as the numbers 1, 2, 3, 4 ; of 1000 rays, the quantity ah.-orbed ly 
each was, respectively, 610, 577, i». r »S, 6*10 : so that beyond a certain thickncsf 
of the body, the quantity of heat it can transmit remains nearly constant. Rock- 
salt is the only exception to this law ; it ulways allows the same quantity of heat 
to pass through it, at least for thicknesses between 2 and 10 in. hi. ( 07*7 and 
l\ r >75 in.) 

The increase of tho number of screens produces nn effect similar to 
an increase of thickness. If many plates of the same kind are placed 
together, they absorb more heat than one plate having the combined 
thickness of several, owing to the numerous surfaces. 

The thermal rays which have passed through one or more diathermanic bodies, 
are so modified, that they pass with mure facility through other dinthormanto 
bodies than direct rays do. Thus the heat from an urgaml lump, whero the 
flame is surrounded with a glass chimney, differs much in its transmissihility 
from the heat of a Loratelli lamp, wlicre the flame is free and open. Thus in 
making use of an argand lamp suriounded with a glass chimney, and a Loca- 
<elli lamp which is not thus protected, Melloni obtained the following result#. 

40 * 
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TABLE Or BE IT TRANSMITTED FROM DIFFERENT SOURCES. 


Of 100 ray*. 

Argand lamp. 

Locatelli lamp 

Book-salt transmitted 

92 

92 

Iceland spar “ 

62 

89 

Quartz (limpid) blackened, transmitted 

67 

84 

Sulphate of lime “ 

20 

19 

Alum “ 

12 

7 


646. Thermochrosy, or heat-coloration (Ospjws, heat, and ^pattia, 
color). — As Newton has shown that a pencil of white light is composed 
of different colored rays, which are unequally absorbed and transmitted 
by different media, and which may be combined together or isolated, 
bo Mclloni argues from his results, that there are different species of 
calorific rays emitted simultaneously in variable proportions by the 
different sources of heat, and possessing the property of being trans- 
mitted more or less easily through screens of various substances. 

If a pencil of solar light falls successively upon two plates of colored glass, 
one red and the other bluish-green, it will bo wholly absorbed, tbo second plate 
absorbing all the rays transmitted by the first. This is precisely analogous to 
what may happen with a thermal pencil, its entire absorption being caused by 
passing it through two media successively, each of which absorbs the rays 
transmitted by the other. Viewed in this manner, it may be said that rock-salt 
is colorless as respects heat, while ulutn, ice, and sugar-candy, arc almost black. 
It is a fact of common observation, that snow melts more quickly under trees 
and bushes than in thoso spots which receive the direct rays of the sun. This 
is proved by Mclloni to bo owing to the fact, that the rays emitted by the heated 
branches are of a different nature from the direct rays of the sun, and more 
easily absorhod by snow than the latter. 

047. Application* of the diathermancy of bodies. — The air in 
undoubtedly very diathermunic, or else the upper layers would be heated 
by the solar rays passing through them, while we know that they are 
only slightly heated by this means. 

In certain processes of the arts, workmen protect their faces by a 
glass mask, which allows the passage of the light but arrests the heat 

In certain physical experiments, where heat is to be avoided, the 
light is first passed through a solution or plate of alum, whereby the 
heat is arrested. On the contrary, if tho heat is directed upon rock-salt 
covered with lampblack, the light is arrested but the heat passes through 
but slightly diminished. 

048. Refraction of heat. — Heat, like light, is refracted, or bent 
out of its course, in passing obliquely through diathermanic bodies, as 
t$ shown by the burning-glass. A double convex lens, fig. 480, coo 
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MDtrate* the rays of heat from the sun, or other heated body, in 
the same manner as it concentrates tho rays of light. It is only 
with a lens of rock-salt, that the rays 480 

of all our sources of heat can be con- 
densed, for a lens of glass concentrates 
only the solar rays, and becomes itself 
heated by artificial heat. 

A lens of ic* was made iti England in 
1763, having a diameter of 3 metres (118*112 
in.), at whose focus gunpowder, paper, and 
other combustibles were inflamed. Burning- 
glasses hare generally more power than mirrors of equal diameter. Both pro- 
duce their more iutense effects on high mountains after a fall of snow, for then 
the air is free from moisture, and the solar rays lose less of their intensity in 
passing through it. 

649. Polarization of heat. — ll<4fc is polarized in the same manner 
as light. It undergoes double refraction by Iceland spar, and the two 
beams are polarized in planes at right angles to each other. A pencil 
of heat, polarized by a plate of tourmaline, or by a Nmol's prism, is 
transmitted or intercepted by another tourmaline plate or Nicol's 
prism, in the same circumstances that a pencil of polarized light 
would he transmitted or intercepted. 

Heat also suffers a rotation of its plane of polarization, hy plates of right or 
left-handed quartz, in the same direction, and to the same extent as light of tho 
same refrangibility. Polarization heat is also effected hy reflection from 
plates of glass, or by repeated refraction, also by reflection from the atmosphero, 
in which points of no polarization and of maximum polarization exist cor- 
responding with similar points in egard to polarized light. The phenomena 
of magnetic rotary polarization of boat have also been observed. 

Prof. Forbes of Edinburgh first demonstrated the polarization of heat. 

Knoblauch has obtained distinct evidence of the diffraction and inter 
ference of the rays of heat. 

I 6. Calorimetry. 

650. Calorimetry. — The amount of heat required to produce a given 
temperature varies greatly for the different bodies to which it is applied. 
Calorimetry (from calor , heat., and jut/mv, measure) is the measure- 
ment of the quantity of heat which different bodies absorb or emit 
durng a known change of temperature, or when they change their 
state. Water absorbs or emits a much greater quantity of heat during 
a change of temperature than the sumo weight of any other substance. 
It is therefore selected as the standard of comparison. 

Unit of Heat. — The quantity of heat which is required to raise 
a pound of pure water from 32° to 33° P., is reckoned as the unit of 
, or thermal unit, both in this country and in England* 
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Id France, and in Europe generally, the thermal unit is the quantity 
of heat necessary to raise one kilogramme (2*20486 lbs.) of water from 
0°tol°C. 

651. Specific heat. — If equal weights of water and mercury at the 
same temperature be placed over the same source of heat, it will be 
fouud, that the mercury becomes heated much more quickly than the 
water. That when the water is heated 10° the mercury will have 
become heated 330 9 ; the capacity of water for heat is, therefore, 33 
times as great as that of mercury. Each substance in this regard has 
its own capacity for heat. This relation is called caloric capacity , or 
more commonly, sjtecific heat. Table XI. contains the specific heats of 
certain solids and liquids as determined by Regnault. 

Three methods have been devised for determining the specific heat 
of bodies: these are, 1st, the method of mixture ; 2d, by the melting of 
ice ; 3d, by cooling. • 

Method of Mixture.— This method is exceedingly simple in theory, 
mid, with suitable care, exact in its results. 

Iu determining tho specific heat of solids by this method, a weighed mass of 
each substance is heated to the proper degree, and is then plunged into a mea- 
sure of water of known temperature and weight. The elevation of temperaturo 
produced in each ease is carefully noted. 

If a pint of water at lf»0° be mixed quickly with u pint at 50° F., the two 
measures of water will have, a temperature of J00°, or the arithmetical mean of 
the two temperatures before mixture. It’, however, a measure of mercury at 60° 
be mingled with an equal measure of water at l. r >0°, the temperature of tho 
mixture will bo US^. The mercury has gained fiS° while tho water has lost 
32°. Hence it is inferred, that the same quantity of heat will raise the tempera- 
ture of mercury through twice as many degrees as that of an equal volume of 
water, and that the specific heat of water is to that of mercury as 1 : 0*47 when 
jouipured by measure. 

If, however, equal weights of these bodies be taken, the resulting temperaturo 
is then still more iu enutrast. A pound of mercury at 40°, mixed with a pound 
of water at 1.06°, produces a mixture whose temperature is 152° 8. The water 
loses 3°-7, while the mercury gains U2°*3, and therefore, taking the specifio 
heat of water as 1, that of the mercury will he 0*033, since, 

112° 3 : 3«*7 -s= 1 : * = (0*033.) 

Method by Fusion of Ice. — This method is founded on the quan 
tity of ico melted by different bodies in cooling through the same number 
of degrees. 

Luvoisior and Laplaoe contrived the apparatus, fig. 431, used for this purpose, 
and called a calorimeter. It consists of three vessels made of sheet tin or 
copper. In the interior vessel, c, pierced with holes and closed by a double 
cover, is placed the substance whose specific heat is to he determined. Thi« is 
entirely surrounded by iee contained in the socond vossel, ft, and also on the 
cover In order to cut off the heat of the surrounding air, the exterior vessel, a, 
(• *lsr filled with ice The water from the ioe melted in this outer vessel, pa ss es 
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off by tho stop-cock, r. The body in the interior vessel, cooling, molts the iot 
surrounding it, and the water from it flows off through tho stop-cock, #, and is 
weighed. 

The specific heat of different substances is determined 
in this apparatus by the comparative weights of the 
water produced during the experiments; in which a 
certain weight of each body cools from an agreed 
temperature, e. g. (212° F. ), to 32°, the constant tem- 
perature of the vessel C. 

The specific heat of a liquid is determined by placing 
it in a vessel, as of glass, whose specific heat is known. 

The amount of ice melted by the liquid, is the whole 
quantity of water produced, minus that which would 
be melted by the glass alone. 

This method, though excellent in principle, is subject 
to many inaccuracies, and is now seldom employed. 

The method of cooling is founded on tho different rates of cooling 
of equal masses of different, substances; those having the greatest specific 
heat cooling most slowly. 

The application of this method is also attended with so many sources 
of error that it is seldom employed, and need not be described. 

Specific heat affected by change of state. — A body in the liquid 
state has a greater specific heat limn when il is in the solid form , ns might ho 
concluded from the fact that the addition of heat is necessary to convert tho 
solid into a liquid. 

Thus ic« hua a specific heat of 0*305, water being 1-000 ; sulphur solid, 0*2026, 
fluid, 0*2340; phosphorus, between 46° and — 6°, 0*1 SS7, at 212°, 0*2013, Ac. 

The high specific heat of water moderates very greatly the rapidity 
of natural transitions from heat, to cold and from cold to heat, owing to 
the large quantity of heat emitted or absorbed by the ocean, and other 
bodies of water, in accommodating themselves to variations in external 
temperature. 

652. Speoific heat of gases. — If a unit of weight of any gas, 
allowed to expand freely without change of pressure, is heutod from 
the freezing point one degree, the amount of heat thus absorbed, mea- 
sured in fractions of the unit, is called the specific heat under constant 
pressure . If the same gas is heated one degree, when so confined that 
its volume cannot be increased, the amount of heat required to produce 
the change of temperature is called the specific heat under a constant 
volume. 

When the heat required to raise the temperature of equal volumes 
of different gases one degree, is determined, the results obtained are 
called specific heal by volume. In these determinations the unit of 
volume is the volume of & unit of weight of air when the 
pressure is 30 inches 
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The determination of the specific heat of gases is a problem involved ift 
the greatest practical difficulties, and authorities vary somewhat in the retails 
obtained. 

The most valuable researches in regard to the specific heat of gases 
have been made by Kegtmult. He has established the following very 
important preliminary principles : — 

First. The specific heat of gases is sensibly the same at all tempera* 
tures. 

Second. The amount of heat required to raise the temperature of a 
given weight of any gas one degree does not vary with the pressure to 
which it is subjected , and hence the specijic heat of gases is the same fen 
all densities. 

Itegnault experimented on air aud other gases under pressures varied from 
one to ten atmospheres, and found no sensible difference in the quantity of heat 
which the same weight of a gas lost under these different pressures in cooling 
the same number of degrees. Nevertheless he thinks it possible that slight dif- 
ferences may exist. 

Table XI. gives the specific bents of different gases and vapors as determined 
by Kegriault. The specific heat by weight being determined under a constant 
pressure, the gas being allowed to expand freely. 

The specific heats by volume given in the table were obtained by multiplying 
the specific heut by weight, by the specific gravity of the several gases and 
vapors, us compared with air taken as unity. 

G53. Specific heat of gases under a constant volume. — It is 
well known that the temperature of a confined mass of air can be 
raised sufficiently 'high to ignite tinder by mechanical condensation, 
{ 739, and it seems reasonable to suppose that the same amount of heat 
in expended in producing an equal degree of expansion when a gas is 
heated. 0 

It has boon stated (608) that gases expand ^ part of thoir volume for an 
elevation of temperature of 1° F. Let t represent the small increase of tempe- 
rature which a mass of gas undergoes when compressed °f its volume, and 
if S represent the specific heat of the gas under a constant pressure, and S' the 
specific heat under a constant volume, we shall have for the specific beat under 

S 

a constant volume : — S* = • 

1 -f- * 

It is obvious that if the value of t could be determined by condensing a gas, 
and observing the increase of temperature the value of S , the specific heat 
under a constant volume could be readily calculated. The unavoidable loss of 
hont absorbed by the walls of the containing vessel, when a gas is compressed, 
has rendered it hitherto impossible to obtain accurate values of f by this method, 
and similar difficulties have attended the determination of the specific heat under 
a constant voluuio by other direct methods. 

The principles of acoustics have happily furnished an indirect method 
of determining the specific heat of gases under a constant volume with 
|r»at accuracy. 
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Specific heat determined by the laws of acoustics.— By eon 
Hidering the conditions of an elastic fluid during the transmission of a 
sonorous wave, Newton obtained the following formula for the velo- 

oity of sound in any gas : V 



In this formula V is the velocity of sound, tj the force of gravity, H 
the height of the barometer, and d the density of the gas referred to 
mercury as unity. This formula gives for the velocity of sound in dry 
air at 32° F., when the barometer stands at 30 inches, V =* 883 feot, 
which is less than the true velocity of souud (1086 feet, ( 344) by more 
than one-sixth of the whole. 

Laplace discovered that this error resulted from the effect of heat 
developed and absorbed by alternate compression and rarefaction of 
tbe air in the transmission of sonorous waves, and be showed that the 
formula for the velocity of sound, taking into account this effect of heat. 


should be, V 


If o 

, in which S represents 


of the gas under a constant pressure, and S' the specific heat under a 
constant volume. 


From this formula we obtain, by transposition. S' — from which 

we readily obtain the value of the specific heat of a gas under a con 
stunt volume, when the velocity of sound in the medium, and the other 
constant quantities, are known. 

By this method Dulong has obtained for the specific heat of gases, 
under a constant volume, the values given in the following table ; but 
the results obtained arc regarded only as approximations : — 

SPECIFIC HEAT OF EQUAL VOLUMES.* 


Name of Gas. 

Under Cmi stint 
pressure. 

Under Constant 
▼oluuie. 

Diffttrenre 

A — Y 

1 -M. 

Air, 

0-2377 

0 1678f 

O-OGOOf 


Oxygen, . . . 

0-2412 i 

01705 

0-0707 

•416 

Hydrogen, . . 

0-2366 ! 

0-1675 

0-0081 

•407 

Oxyd of carbon, 
Carbonic acid, . 

0-2390 

0 1681 

0-0718 

428 

0-3308 

0 2472 

0 0836 

•338 

| Olefiant gas, . . 

0 3572 

0-2880 

0-0692 

•240 


Comparing these results in the case of air, we see that when air im heated 
in a situation where it is free to expand, only about ^ of the heat applied 
is expended in producing elevation of temperature — os in heating • 


* Cooke's Chemical Physics. 

f Corrected according to the most recent experiments 
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room- while about | of the heat is expended in producing expansion 
of the air, to be given out again as the room cools. 

Dulong has deduced from his experiments the following concln~ 
•ions : — 

1. Equal volumes of all gases , measured at the same temperature and 
pressure, set free or absorb the same quantity of heat when they are com - 
pressed or expanded the same fractional part of their volume. 

If all gases had the same specific heat, the same change of volume 
would be attended by the same change of temperature. But this is 
the case only with oxygon, hydrogen, and nitrogen. The specific heats 
of compound gases differ considerably from each other, and change of 
volume causes less change of temperature in proportion as the specifio 
heat of the gas is greater. 

2. The variations of temperature which result , are in the itiverse ratio 
of the sjtecific heats under a constant volume. 

Whether these laws are the exact expressions of the truth, or only 
approximately correct, remains to be determined by further investiga- 
tion. 

654 Relation between the specific heat and atomic weight of 
elements and compounds. — Dulong and Petit, from their researches 
upon the elements, were led to conclude, that the ultimate atomR of all 
elements possessed the same capacity for heat, aud they accordingly 
announced the law, that : — 

The specific heat of elementary substances is in inverse ratio to their 
atomic weights. 

This law appears to bo true for most of the elements*, ns will be seen by 
examining Table XI. of Atmrie Weight* nml Specific Heats. It will be no- 
ticed, that the one increases in almost the exaot proportion in which the other 
diminishes, ami that by multiplying them together, a very nearly constant pro- 
duct is obtained. Some eletne ts, as those given- in the lower part of the tnblo, 
give a product {C >( ;»J double of the others. So that equivalent weights of 
these would contain twice ns much heat as equivalent weights of those first 
given. 

The relation between the specific heat and atomic weight of compounds is 
expressed by Kcgnault in the following law : — 

In tilt compound bodies containing the same number of atoms , and oj 
similar chemical constitution , the specific heats are in inverse ratio to 
their atomic weights. 

J 7. Liquefaction and Solidifioation. 

655. Latent heat. — During the conversion of a solid into a liquid, 
or of a liquid into a gas or vapor, a certain quantity of heat is absorbed 
or disappears. As the thermometer and the senses give no evidence 
of the existence of this heat* it is called latent heat. 

Let a pound of ice and a pound of water, each at the temperature of 32 °, he 
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exposed to the same source of heat in precisely similar vessels; it frill 
found) at the moment when all the ice is melted, that the water into which it 
converted has still the temperature of 32° ; while the temperature of the other 
pound of water has risen from 32° to 174°. As both have receivod the same 
amount of heat, it follows, that the 142° which have disappeared, have been used 
\n converting the ice inti water, and have become latent or insensihlo. 

If a pound of water at 212° be mixed with a pound of powdered ice at 32°, 
when the ice is melted the two pouuds will have the temperature of only 52 °; 
the ice gains only 20°, while the water loses 160°. Here again 142° have dis 
appeared or have become la tout. 

656. Liquefaction and congelation are always gradual, owing 

to the absorption or evolution of heat during these processes. 

If this was not so, water at 32^ would immediately become ice, upon losing 
the smallest additional portion of its heat, and on the other hand, ice would 
suddenly pass from the solid to the liquid state by the smallest addition of boat. 

This fact, coupled with the law of irregular expansion of water, will explain 
why ice never acquires any very great thickness. The high specific bout of 
Water acts to moderate the natural changes of temperatures. 

057. Freezing mixtures. — Solids cannot pass into the liquid state 
without absorbing and rendering latent, a certain amount of heat. If 
the heat necessary for the liquefaction is not supplied from some external 
source, the body liquefying will absorb its own sensible heat. A know- 
ledge of this fact enables us at pleasure, in the hottest seasons and 
climates, to produce extreme degrees of cold. 

The so-called y/rrz i nr/ mixtures are compounds of two or more sub- 
stances, one of which is a Holid. These, when mixed together, enter 
into combination and liquefy. The operation should he so conducted, 
that no heat can he absorbed from external sources, and hence, as the 
substances liquefy, a depression of temperature results proportional to 
the heat rendered latent. (See Table XI I.) 

The most convenient freezing mixture in Halt 1 part, and ice or snow 2 parts, 
universally used in the freezing of ices and creams. With this freezing mixture, 
a temperature of 4° or 5° below zero cun be maintained for many hours. A 
solution of equal parts of nitre and sal-ammoniac will reduce the temperature 
from 5o° to 10 c ' F. Very well constructed ice-cream freezers are now commonly 
sold in the shops, in which an adroit use has been made of the luws of radian' 
beat and conduction, to facilitate the rapidity of this operation. 

Thilorier, with a mixture of solid c.urboiiic acid and sulphuric acid, or sulphuric 
ether, obtained a temperature 120^ below zero. More lately, Mitchell obtained by 
tbo same means a temperature of — 1 .'in' 5 and — 1 10° F At the former temperature, 
alcohol (Sp (»r. 0-708) had the consistency of oil, and at the latter temperature 
resembled melting wax. 

Iu the liquefuction of metallic alloys, a similar depression is observed. When 
an alloy composed of 207 parts lead, 118 tin and 284 bismuth, is dissolved in 
1617 parts mercury, the temperature will sink from 63° to 14° F. 

In producing extreme degrees of cold, the substance to be operated upon is 
first cooled to a certain degree by a less powerful freezing mixture, before IU# 
more energetic one is used; the full cfloct of the latter is thus obtained. 

41 


cr 
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65S. Laws of fusion and latent heat of fusion. — Expansion (tbs 
first effect of heat) has a limit, at which solids become liquids. The 
powers of cohesion are then subordinate to those of repulsion, and 
fusion results. 

Fusion takes place in accordance with the following laws : — 

1st. All solids enter into fusion at a certain temperature , invariable 
for the same substance . 

2d. Whatever may be the intensity of the source of heat when the 
fusion commences, the temperature remains constant until the whole mass 
is fused . 

3d. The latent heat of fusion is obtained by multiplying the differ • 
ence between the specific heat of the substance in its liquid and solid form , 
by the quantity obtained by adding the number 25G (an exjtcrimenlal con- 
slant furnished by researches upon the latent heat of water) to the melting 
point of (he substance in question. 

The fusion points and latent hent of fusion of o number of the more 
important substances are given in Table XV. of the Appendix, drawn 
from the labors of Kegnault and others. 

059. Peculiarities in the fusion of certain solids. — Certain 
lolids soften before they become liquefied ; such are tallow, wax, and 
butter, while others never become entirely fluid. This is because the 
former are composed of several substances, which melt at different teiv 
peratures. Metals, like iron and platinum, that are capable of w elding, 
soften before they fuse. Glass, and certain metals, never attain perfect 
fluidity. The fusion of sulphur presents striking peculiarities. (See 
Chemistry.) 

6G0. Refractory bodies. — Substances difficult of fusion are called 
refractory bodies. 

Amoug the most refractory bodies are silica, the metallic oxyds, lime, baryta, 
alumina, Ac. Their fusion may be effected by the oxy-bydrogen blow-pipe, or 
by the use of the voltaic buttery, lly these means, also, the fusion of platinum 
Sis effected, which resists the heat of a powerful blast-furnace, although a thin 
wire of this metal can be melted by the mouth blow- pipe. 

Carbon is the most refractory of all bodies. Its fusion has not yet been per* 
fectly effected ; although, by means of the voltaic battery. Professor Sillitnan 
obtained (in IS22) unequivocal evideuces of the volatility and partial fusion of 
this substance : ami more lately these results have been verified by Itcsprctx, 
with a carbon battery of 600 cups ; boron and silicon also yielding to the same 
power. 

661. Solution. — Saturation. — When a solid immersed in a liquid 
gradually disappears, the process is termed solution. Thus* sugar and 
lalt dissolve in water, camphor in alcohol, Ac. Solution is the result 
9* an attraction exiv.iug between the particles of a liquid and those of 
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A solid. A liquid is Raid to lw *atumU*<l when, at a given tomixmitun*. 
it has dissolved as much as jioBsibh* of a solid. 

The causes which diminish cohesion among the articles of a solid, generally 
facilitate solution. Thus, a pulverised body dissolves quicker than the same 
quantity in large masses. Heat also lhdlitatc* solution by diminishing the 
cohesive force and producing currents. The solubility of some bodies is di- 
minished by heat, and the precipitation of bodies from solution is sometimes 
hastened by heat. — sulphate of soda and hydrate of liuic are examples of the 
former. 

602. Laws of solidification. — The pmwage of a lxxly from the 
liquid to the solid state, ulwity* occur* in accordance with the following 
lawn : — 

1 Rt. Ttu solidification of a body takes jtUtec at a certain fixed tempera 
tare , which in also that of its /union. 

2d. The t* mperaturc of a body remains constant from the commence - 
Hunt to the end of it n solidification . 

6(13. Elevation of temperature during solidification. — When 
liquid* return to the solid state, the heat which ha* been nlmorbed during 
their liquefaction, und rendered latent, is given out. 

If the solid ill cat ion takes place suddenly, the heat evolved I* often wry apparent. 
Thus water may In- cooled to 22 4 or £5'. and yet remain liquid, bin if in that state it 
is shaken, ii heroines at once a confuted mass of ice crystals, and rises to IW , the 
freezing of a part giving out heat enough to raise the temperature of the w hole 8 or 
10 . Thus we arrive at the seeming paradox. Ilia! freezing is a warming process; and, 
owing to the absorption of heat during liquefaction, it is equally true, that melting is 
a rooting p-ocess Hence, in part, the cooling influence of an iceberg, or of a large 
body of snow ou a distant mountain. 

664. Change of volume during solidification, and its effects.— 
Mercury, and most metals, contract, while solidifying ; hence, the freez- 
ing of a mercurial thermometer does not burst its reservoir. Water 
expand* during freezing to the amount of one-eleventh of its hulk ; 
lienee, ice float* on the surface of water, and close vessels, even of iron, 
are burst, if frozen when full of water. 

This fact is familiar to housekeepers, who prevent the bursting of their w’lflfer* 
casks during winter, by a stick of wood placed in the cask, about which the 
bulge from expansion takes place. Aqueduct service-pipes are often suved from 
the Mint’ accident In cold weather, by allow lug the water to flow uninterruptedly, 
thus preventing the formation or ice crystals, both by motion and the supply of wann- 
er water. 

A brass globe filled with water burst at JJ2\ In the experiments of the Flo- 
rentine Academicians, who estimated the force exerted as equal to 548,000 pounds 
on the squarr* inch. A bomb-shell, tilled with water, and tightly closed by an 
Iron plug, when exposed to severe cold in Montreal, discharged the plug to a 
distance of 400 feet, and a cylinder of ice eight Inches In length protruded 
from the hole. All metals whleh. like wafer, assume the rliombohcdral form 
on solidification, produce sharp casts. Much are east-iron, antimony, tin, zinc, 
and bismuth. All alloys capable of producing sharp casts, must contain such a 
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acta.. Type-metal (3 lead and 1 antimony), bras* (2 copper and 1 cine), aid 
bell -metal (7 copper and 3 tin), are familiar examples. Copper, lead, gold, 
tiWer, and indeed most metals, except those above enumerated, crystallize in 
tbe xnonometric system, and occupy less space as solids than as fluids, producing 
imperfect casts, lienee, coius are stamped, and gold, silver, and copper utensils, 
and ornamental wares are wrought by tbe hammer, or stamped, to secure sharp- 
ness and beauty. 

665. Freezing of water. — Water ordinarily freezes at 32°; but it 
bas already been stated (663) that, under certain circumstances, it 
may be cooled near to 22 c , and remain liquid. If, however, water is 
turbid, or contains carbonic acid, it always freezes at 32°. 

Certain experiments made in France indicate that tbe temperature to which 
water may ho exposed without freezing, falls in proportion as it is exposed in 
tubes of smaller diameter. This remarkable circumstance seems to throw light 
upon the fad, that plants, whose capillaries arc full of juices, resist frost in a 
ninmier so untirrable as many of them do. Nevertheless, in very severe weather, 
the trunks of large trees are sometimes burst open by frost. 

Water, containing salts in solution, freezes at a lower temperature than pure 
water. Tims, sea water freezes at 27°. The ice formed from salt water, and 
from impure or turbid water, is comparatively fresh and pure, since it is the 
water which freezes, and not the foreign bodies it contains. Frozen ink, and 
other colored fluids, precipitate the coloring mutter, and are spoiled as colors, 
ontil, by boiling, the precipitate is again diffused. Likewise, the watery portion 
of cider, and o*l»er weak alcoholic liquors, exposed to moderate cold, congeals; 
and the alcoholic part may thus he obtained in a more condensed state. 

Some absorbent rocks are pulverized, and gradually covered by a thick bed 
of soil, by the effects of freezing water in breaking down their solid mass. The 
value of building stones, in our climate, depends much upon the resistance they 
offer to the action of frost In hot climates the effect is not seen, and the crags 
ami summits of mountains are there generally more sharp. Experiments to 
determine the resistance of rocks to frost, arc made by saturating cubes of the 
material with water, and repeatedly freezing them. But tbe same result is more 
conveniently obtained by using a solution of sulphate of soda. This salt, crys- 
tallizing on exposure to the air, effects the same results. 

666. Absolute zero. — Since the permanent gases contract of 
their volume at 32°, for each degree of Fahrenheit below that point (or 
expand that quantity for each like increment of heat above 32°), it haa 
been inferred hy (Moment and I>6sormes that, at the temperature if 
— 459° F. they would cease to exist as gases, since the amount of con- 
traction would then be equal to their initial volume. Likewise, sin ;o 
the volume of a gas is doubled by heating from 32° to 523°, they further 
inferred that the quantity of heat added must be equal to that held by 
the initial volume, at i that at — 459° F. there must be an absolute zero. 

{ 8. Vaporization and Condensation. 

667. Vaporization. — Liquids become vapors upon receiving a cer- 
tain quantity of heat. Thus, water at 212° is rapidly converted into 

n, which, at or above that temperature, remains as an invisible 
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vapor. This change of state presents some of the most in cresting and 
important phenomena of physics. 

Evaporation occurs only at the surface of liquids, quietly, as in the insonsihle 
changes of water to vapor in an open vessel. Uniting or rbulfitin ... is the rapid 
formation )f vapor throughout the whole mass of liquid, producing more or lost 
agitation. Sublimation it the change of solids to vapors without the interme- 
diate liquil condition. Arsenic, iodine, and camphor are examples of solids 
which may bo to changed. 

The remarkable disappearance of nearly one thousand degrees of 
heat when water is turned into steam (and correspondingly for other 
liquids), will be considered under Latent Heat of Steam, $ 6SX. 

068. Formation of vapors in a vacuum. — Evaporation takes place 
slowly in the open air, owing chiefly to the atmospheric pressuic. In 
a vacuum, however, it occurs instantaneously, because the vapor then 
meets with no resistance. This phenomenon occurs in obedience to 
the following laws : — 

1st* All volatile liquids , in a vacuum , volatilize instantly. 

2d. At the same temperature the vapor* of different liquids possess 
unequal elastic force. 

These laws are illustrated in tho apparatus, fig. 

4S2. where four barometer tubes, originally filled 
with pure dry mercury, are supported by the stand 
in a mercurial cistern, and will nil indirutc upon the 
scale, C, tho same height of column. A drop of ether 
passed up to K, instantly flashes int«> vapor, and de- 
presses the column perhaps half its height or more.. 

This illustrates the first law. A drop of hisulphid of 
carbon introduced into I> ; of alcohol into It ; und of 
water into A, will also be respectively changed to 
vapor, wholly, or in part, and will depress the mer- 
cury unequally, in tho order of their volatility as 
enumerated. This illustrates the second law. If all 
the ether introduced into E has disappeared, then 
success^ small portions may be added, and with 
each addition an increased depression of the mercury 
will be observed, until, finally, a point is reached 
where the ether remains liquid. This is the point 
of saturation, or maximum tension of ether vapor for 
that temperature. A change of temperature will, of 
course, vary these conditions If cither of the tubes 
ie surrounded ty one of larger diameter dipping 
• tier the mercury, and so affording a cell into which 
hot water may be poured, the liquid ether in E, for 
example, will be vaporized, still further depressing the mercury, according to 
the temperature. If a freezing mixture were similarly used, the reverse would 
be seen — a portion of vaptr would be liquefied, and the mercury will rise in 
proportion. 

4J* 
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669. Saturated space or maximum tension of vapors. — Tbs 

meaning of these terms may be still further illustrated by the use of 
the apparatus in fig. 483, .which is provided with a 
well, filled with mercury, and deep enough to allow 
the tube to be depressed nearly its whole length. 

Suppose the tube to have the condition of E in the last 
paragraph ; that is, the vapor of ether has nearly filled 
the whole tube, and is at its point of saturation or maxi* 
mum tension. If the tube is now depressed, the contained 
vapor is subject to increased tension, in proportion to the 
amount of depression ; and the result is, that a portion 
of it becomes liquid, and the mercury takes the place 
of the vapor. If the tube is raised, then the pressure is 
again diminished, and a fresh portion of ether is vaporized. 

There is, therefore, a maximum tension or elasticity for the 
vapor of different liquids at every temperature ; so that, in 
a saturated space, at a given temperature, the maximum 
tension is the same, whatever may be the pressure to which 
the vapor is subjected. 

670. Dalton's law of the tension of vapors is 

as follows : — 

The tension or elasticity of different vapors is equal, 
if compared at temperatures the same number of de- 
grees above or below the boiling point of their respective 
liquids. 

This law does not perfectly accord with the results 
of experiment, hut it is nearly correct (except for 
mercury), at short distances above and below the 
boiling point. See Table XIV. 

671. The tension of vapors in communicating vessels nne* 
qually heated is the same, and is equal to that of the lower temperature. 

Thus, if a vossel containing water at 112°, communicates by a tube with a 
vessel in which the water is boiling, the pressure in both of the vessels will bo 
the same, us may be ascertained by a manometer. This is explained by the 
a.ndcnsation whieh the vapor constantly sutlers in the colder vessel. Applica- 
tion is made of tins principle in the condenser of the steam-engine. 

672. Temperature and limits of vaporization. — The evaporation 
of liquids takes place at temperatures much below their boiling points, 
ss common experience testifies. K\en at the ordinary temperature of 
the sir, water, many liquids, and even some solids vaporize. 

Even mercury, whose boiling point is 662°, evaporates at all temperature* 
above 60° F.. as was proved by Faraday, lie suspended from the cork of a flask 
containing mercury, a slip of gold loaf. After six months, the gold leaf waa 
fouud to be whitened by the mercury which had risen in vapor. A dew of 
metallic globules is sometimes seen in the Torricellian vacuum. Iodine, cam- 
phor, aud other solids, rapidly evaporate at the ordinary temperature Snow 
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and ice disappear from the surface of the earth during eold weather w aeu there 
has been no thawing. Boyle found that two ounces of snow, iu a very eold 
atmosphere, lost ten grains in six hours. 

The experiments of Faraday, however, appear to show that vnpori 
Ration does not occur at all temperatures. 

Thus, mercury gives off no appreciable vapor below 60°. Sulphuric acid 
undergoes no appreciable evaporation at ordinary temperatures. Faraday 
proved that several substances which are volatilized by beat lit temperatures 
between 300° and 400°, did not suffer the slightest evaporation when kept iu a 
cou fined space at the ordinary temperatures during four years. 

The limit of evaporation is reached when the cohesive foroe of the particles 
of the solid or liquid overcomes the feebiu tendency to evaporation. 

C73. Circumstances influencing evaporation. — Kvnpornt : on, as 
1ms been paid, ip the slow production of vapor from the surface of a 
liquid. The clastic force of a vapor which saturates a space containing 
a gas (like air) is the same as in a vacuum. The principal causes 
which influence the amount and rapidity of evaporation, are as fob 
lows : — 

1st. Extent of Burfi tre. As the evaporation takes place from the surface, an 
increase of surface evidently facilitates evaporation. 

2d. Temperature, by increasing the elastic force of vapor, inerooses the rapidity 
of evaporation ; therefore, the temperature of ebullition murks the maximum 
point of evaporation. 

3d. The quantity of the same liquid already in the atmosphere, exercises an 
important influence on evaporation. When the air is saturated, evaporation 
ceases ; it is, therefore, greatest when the air is free from vapor. 

4th Renewal of the air facilitates evaporation, since new portions of air, 
capable of absorbing moisture, are presented to it; hence evaporation is more 
rapid in a breeze than in still air. 

5th. Pressure on the surface of the liquid influences evaporation, because of 
the resistance thus offered to the escape of the vapor. 

Prof Daniel I, from a series of researches on the rate of evaporation, doduood 
the following law, viz. : — 

The rapidity of evaporation is inversely as the pressure upon the surface of the 
evaporating liquid. 

674. Dew point. — If air saturated with moisture in cooled, a por- 
tion of the moisture will be precipitated as dew. The ten peratur© at 
which thin deposition of moisture commences, is called the dtw-poinl. 
The dew-point is nearer the temperature of the atmosphere, the more 
fully the air is saturated with moisture. The methods of determining 
the amount of moisture contained in the atmosphere, will be described 
iu the chapter on Meteorology. 

675. Ebullition. — The elasticity of the vapor from a boiling liquid 
is equal to the pressure of the superincumbent atmosphere. 

When water is boiled in a glass vessel, the phenomena of ebullition may be 
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distinctly seen. On first besting a liquid, the dissolved sir is expelled Y« 
small bubbles. As the best is continued, bubbles of transparent sod invisible 
steam are formed in the lower part of tbe vessel where the beat is applied. 
These grow smuller and smaller as they rise, and finally condense in tbe colder 
liquid with a scries of little noises, producing what we call simmering. After a 
time, when the mass of liquid attains a nearly uniform temperature, those bub- 
bles increase in si so as they rise to the surface, owing to the evaporation from 
their interior surfaces, as well as from the less pressure to which they arc there 
subjected. As they reach the external air, at the surface of the liquid, they con* 
dense in a cloudy vapor, which is commonly called steam, hut which, in reality, 
Is water in exceedingly minute globules, steam itself being invisible. 

When a liquid has reached the boiling point, a comparatively small quantity 
of heat maintains it at that temperature. Water, or any other liquid, boiling 
moderately, has the same temperature as when it is in violent ebullition; the 
excess of heat only cuusing a more rupid evaporation of the water. Tbe boiling 
points of certain liquids are showu in Table XVII. 

076. Circumstances influencing the boiling point. — The prin- 
cipal of these are : — 

1. Adhesion. It is probably owing to the different degrees of adhe- 
sion between the liquid and the surfaces of the vessels, that the boiling 
point of water varies in vessels of different materials. 

2. Solid* in tolutton in liquids raise their boiling points in proportion to the 
quantity dissolved. Thus, a saturated solution of common salt boils at 227 ° F. ; 
of nitre at 240° ; of carbonate of potash at 275 °; and of carbonate of soda at 
220°. This is probably owing to tlqpadhesion existing between solids and 
liquids, which opposes itsolf to tbe repulsive force of heat. The vapor rising 
from boiling solutions, ltudburg says, has only the temperature of steam from 
pure water boiling in free air. According to Regnault, the temperature of the 
vapor of a boiling saline solution, appears very nearly equal to that of the 
liquid. It is extremely difficult to obtain accurate results, because the bulb of 
the thermometer becomes covered with a film of coudcused water. 

3. Pressure. As ebullition consists in the rupid formation of vapor 
of the same elasticity as the superincumbent atmosphere, it i8 evident, 
that if the pressure is diminished, the boiling 
point will be lowered ; and if it be increased, that 
the boiling point will be raised. 

The influence of pressure on the temperature of ebul- 
lition, is strikingly shown by placing a vessel of water, 
which has cooled considerably below the boiling point, 
beneath the reoeiver of an air-pump and exhausting the 
air, fig. 484. As the air is removed, the water enters 
into violeut ebullition, eveu at a temperature of 125°. 

Liquids generally boil in vacuo at a temperature of from 
70° to 140° below their point of ebullition under the ordi- 
nary atmospheric pressure; Black says 140°forall liquids. 

Table XV I., from Kegnault, shows the temperature at 
which water boils under different pressures, represented by the com spending 
heights of the barometric column. These results huve been confirmed by direct 
•baervatlon. 


484 
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In Table XVIII. is given the boiling point of water at different places, with 
their corresponding elevation above the level of the sea. 

677. The culinary paradox is an excellent illustration of the pheno- 
mena of boiling under diminished pressures. 485 

A small quantity of water is boiled in a glass flask 
until the steam has driven out the air. When the 
water is in active ebullition, a good cork is firmly 
inserted in the mouth, aud the heat is removed. The 
flask is then supported in an inverted position, as 
Is shown in fig. 485. The water still continues to 
boil more violently than when over the flame. If cold 
water be poured upon the flask, the ebullition heroines 
•till more violent, but will l>e speedily arrested by tbc 
application of hot water. 

The cause of this seeming paradox is plain. When 
the flask was corked, there was only the vapor of 
water above tho liquid, the air being driven out by 
the previous boiling. By the application of cold 
water, a portion of this vupor heroines condensed, 
aud tho water within being uuder diminished pres- 
sure, boils at a correspnndingly low temperature. 

Bui hot water thrown upon the flask increases the 
elasticity of tho vapor, and the wafer being thus 
subjected to a greater pressure, ceases to boil. 

Franklin’s pulse glass, a double bulbed glass, fig. 4Hfi, partly filled 
with ether and closed while boiling; boils from tho 48A 

heat of the hand, a sensible coolness being felt as 
tho last portions of fluid rush out of the empty 
bulb, the hand furnishing the boat needed to va- 
porize the ether. 

078. Useful applications in the arts arc constantly made of tho 
facts just explained, to concentrate vegetable extracts, rane-juiec, Ac., 
under diminished pressure, and consequently at a tomporature below 
the point where there is any dangor of injury from heat. Sugar is 
usually concentrated thus in large close copper vessels, called vacuum- 
pans, at a temperature of 150° F., aided by u powerful air-pump and 
condenser to remove the vapor rapidly. There is no economy of find 
by boiling under diminished pressure, as will he understood from what 
is said hereafter. 

C79. Measurement of heights by the boiling point. — Hy pro- 
moter. — On ascending mountains, the boiling point of liquids falls, 
because the atmospheric pressure is less, and conversely in descending 
into mines, it rises. Accurate observations show, that a difference of 
about 543 feet in elevation produces a variation of 1° F. in the boiling 
point of water. The metastatic thermometer (579) is used in these 
observations. Fahrenheit first proposed determining the heights of 
mountains by the depressed temperature cf boiling water. 
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Regnault has designed an apparatus called a bypsometer, fig. 487, for 
determining elevations by the boiling point of water. It consists of a copper 
vessel, C, containing water. This is surmounted by a brass cylinder which 
supports and encloses a thermometer. The upper part of this cylinder is formed 
in pieces, t, which slide into each other like the tubes of a telescope, and serve 
to confine the steam about the thermometer tube, as in fig. 443. Air is supplied 
to the lamp, /, by the holes, o, «. The steam escapes by a lateral 487 
orifice in the upper part of the instrument. 

680. High pressure steam. — The 
boiling point rises as the pressure in- 
creases. This fact is readily demon- 
strated in & general way by Marcet’s 
apparatus, fig. 488. 

A spherical boiler is supported over a lamp 
upon a tripod of brass. A thermometer, t , 
enters the upper hemisphere, and its bulb is 
exposed directly to the steam. A stop-cock 
and safety valvo, V, opens a communication 
to the outer air. A manometer tube, A, with 
couiincd air (280) descends into some mercury 
placed in the boiler (whose lower hemisphere 
is for that reason made of iron). The boiler 
is filled with water to the equator. When the 
water boils and the air has been expelled, tho 
open stop cock is closed and the steam com- 
mences to accumulate. The thermometer, 
which stood previously at 212°, begins to rise 
higher and higher as the column of mercury 
rises in the gauge. When the im-mirv hi 
risen in the gauge a little less than half 
the height of the tube, the thermometer will 
indicuto 249°\ r » F., when two-thirds of the way 273° 3. and so on. Table XIX. 
gives the boiling point of water at different atmospheric pressures ns ascer- 
tained by Kcgnault. 

Advantage is taken of the temperature of high steam in the arts to extract 
gelatine from hones, and to perform other difficult solutions and distillation* 
which, at 212°, would be impossible. Papin, a French physicist, who died in 
1710, first studied these effects of high steam with an apparatus knowu as 
Papin’s digester. It is only a boiler, of groat strength, provided with a safety 
valve (then first used). 

681. Production of cold by evaporation. — A liquid grows sen 
sibly colder, if while evaporating it does not receive as much heat as it 
loses, aud the more sensibly so, as the evaporation is more rapid. 

Eau de cologne, bay-rum, or ether, evaporating from the surface of the skin, 
produces very sensible coldness, due to the rapid absorption of the bodily heat 
in the evaporation. Portions ot body may bo thus benumbed and rendered 
insensible to pain during surgical operations. 
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A summer shower cools the air by absorbing boat from the earth and the air 
daring evaporation. Curtains wot with water, called fci/fiV*, much used in India; 
leafy branches of trees, mossy bauks, and fountains draped by climbing plants, 
are cool for the same reason. Fanniug the surface produces coolness both from 
conduction aud evaporation. M et clothes arc pernicious, chiefly from the rapid 
loss they cause of auimal heat during evaporation, thus impeding the circula- 
tion. In hot climates, where icc is rare, water is cooled to an ugrccablo 
temperature by the use of jars of porous earthenware placed in a draught of 
air, The surface moisture is rapidly ovaporatod by the dry air, and the water 
in the vessels falls 20 or 30 degrees below the exterior air, even at 80 or VO 
degrees. Water is readily frozen in a tliiu narrow test-tube by the cciistant 
evaporation of ether from a uiuslyi cover drawn over the outside of the tube. 
In the East Indies, water is frozen by its own evaporation, aided by radiation, 
in cool serene nights, when the external air is not below 40 '. For this purpose 
shallow earthen pans are used, placed in a slight pit or depression of the oarth 
upou straw to cut ofT terrestrial radiation. 48V 

Water is endowed with a remarkable emissive 
power, and will, as shown by Meiloni, lose 7° be- 
low the atmosphere by simple radiation in serene 
nights. Compared to ibis remarkable Indian 
result, Leslie’s experiment of freezing water iu 
the vacuum of an air-pump (over sulphuric acid 
to absorb the vapor, fig. 48V) seems simple; aud oosior still is tlio same efTacl 
produced in the cryopliorus (or frv»t-beartr) of Dr. Wollaston, fig. 400, where ft 
portion of water in one 400 

bulb of a vacuous glass 
tube is frozen by its own 
rapid evaporation due to 
cooling the empty bulb in 
a freezing mixture. 

Twining's ice ma- 
chine. — An apparatus has been successfully contrived by Prof. Alex. Twining 
for producing ice upon a commercial scalo in those hot climates where it cannot 
be carried from colder countries, by tho rapid evaporation of a portion of ether 
confined iu metallic chambers contiguous to the water vessels — the process, by 
aid of an air-pump and condenser, being continuous aud without sensible losf 
of other. This plun is equally applicable to cooling tho air of apartments, either 
for the preservation of provisions or fur the comfort of the occupants. 

682. Latent heat of eteam. — A large amount of bent dianppenrs 
or is rcndci id latent during evaporation. According to Ilcgnault, the 
latent heat of steam is %7°*f>. Its determination is made in a number 
of ways. 

If a vessel containing water at the temperature of 32° is placed over a steady 
source of beat, it receives equal additions of beat in equal times. Let the time 
be noted that is required to raise the temperature to 212°. If now the heat ia 
continued until all the water is converted into steam, it will be found that the 
time occupied in the evaporation was times that, required to heat the water 
through the first 180% t. r , from 32° to 212°. t'onsequcntly 5 J times as much 
heat is absorbed during the evaporation of water as is required to bring it to 
boiling point The latent heat of steam ia therefore about (180° X J 
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Again, the latent heat of steam is determined by distilling a certain j mount 
of water and condensing the steam in a large volume of the same liquid. If 
the temperature be noted before and after the experiment, it will be found that 
the heat from the steam formed from a pound of water, was sufficient to raise 
the temperature of ten pounds of water 99°. The latent heat of steam is there* 
fore again found to be (99° X 1®) 990°. 

Experiments conducted in the simple manner just mentioned cannot be 
entirely accurate, owing to a certain loss of heat by vaporization, conduction, 
and radiation. Numerous precautions are therefore to be adopted to insure the 
acouracy science demands in such an investigation, the details of which are 
In consistent with our limited space. 

The latent heat of steam obtained by different experimenters, varies 
somewhat as fdlows: — Watt, 050°; Lavoisier, 1000°; Despretz, 955°*8 ; 
Brix, 972°; Regnuult, 907 o, 5 ; Fabre and Silberumnn, 964°*8. 

683. Latent and sensible heat of steam at different tempera* 
tares. — The whole amount of heat in steam is the latent heat, plus the 
sensible heat . Thus the heat of steam at the temperature of ebullition 
is 907°*5 -f 212° = 1179 Q, 5. It has heretofore been generally stated, 
that the heat absorbed in vaporization is less as the temperature of the 
vaporizing liquids is higher. So that if the sensible heat of steam at 
any temperature is subtracted from the constunt 1179°*5, the remainder 
is the latent heat of steam at that temperature. For example : the latent 
heat of steam at 279°*5, is 900°, at 100’, 1079°'5, &c. This statement 
however is found to be somewhat inaccurate, although in practice it 
may be assumed to be nearly correct. 

From the experiments of Keguault, it appears that the sum of the 
latent and sensible heat increases with the temperature by a constant 
difference of 0° 30o for each degree F., as is shown in Table XXII. 

684. Mechanical force developed during evaporation. — I hiring 
the conversion of a liquid into vapor, u certain mechanical force is exerted. 
The amount of this force depends on the pressure of the vapor and the 
increase in volume which the liquid undergoes. 

Equal volumes of different liquids produce unequal amounts of vapor at thoif 
respective boiling points. 

1 cubic inch of water expands into 1696 cubic in. vapor at boiling point 

1 “ « alcohol “ “ 528 « “ •* “ “ 

1 “ “ ether “ “ 298 « “ «* « “ 

1 " " turpentine « 193 “ “ *• “ ** 

Now although the latent heat of equal weights of other vapors is less than 
that ‘f steam, yet no advantage would arise in generating vapor from them in 
place of water in the steam-engine. For equal volumes of alcoholic and aqueous 
vapor contain nearly the same amount of latent heat at their respective boiling 
points, ami such is the case to a great extent with other liquids. The cost of 
the fuel iu generating vapor would be in proportion to the amount of latent 
teat in equal Vi lurne* of the vapor. 
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685. Liquefaction of vapors, or the conversion of vapors into liquids, 
is accomplished ii three ways. 1st, by cooling; 2d, by compression; 
and 3d, by chemical affinity. Only the first two of these methods will 
be spoken of. When vapors or gases are condensed into liquids, the 
8ame amount of heat is given out as sensible heat which was absorbed 
and rendered latent when they assumed the aeriform condition. 

686. Distillation is the successive evaporation and condensation of 
liquids. The process depends on the rapid formation of vapor during 
ebullition, and the condensation of the vapor by cooling. 

Distillation is used, first, for the separation of fluids from solids, ns the dis- 
tillation of ordinary water, to separate the impurities emituiiu'd in it ; 2d, for 
the separation of liquids unequally volatile, ns in the distillation of fermented 
liquors, to separate the volatile spirits from the watery matter. 

6S7. Distilling apparatus of various kinds is employed according 
to the special purpose to which it is applied. The most ancient is 
the alanbic ; its invention is attributed to the Arabs. It consists of a 
boiler of copper or iron, furnished with a dome-shaped head ; to the 
upper part of this is attached a metal tube which passes through n 
vessel of cold water, whereby the vapor (as it passes over when liea* 
is applied to the boiler) is condensed, and flows into a proper receptacle 

Where smull quantities 491 

of liquid are to be distilled, 
glass retorts, fig. 401, or 
flasks are used. These ure 
heated by alcohol lamps, or 
by small charcoal furnaces. 

The receiver may consist 
of a small flask connected 
W’ith the neck of the retort, 
as represented by S. By 
means of water flowing 
continually’ on it fnau 11, a 
proper co ding is effected. 

O.S>. Physical identity of gases aud vapors. — The difference 
between gases aud vapor** is merely one of degree, and tlie.ir hbntity 
in many physical properties has already been shown. Thus the ratio 
of their expansion by heat is the same as that of the permanent gases. 
A permanent gas may be considered as a suptr-hralrd vapor; the vapor 
of a liquid which volatilizes at very low temperatures. 

Theory of the liquefaction and solidification of gases.—By 
the last section, if the excess of heat is removed from a gas, it is in the 
•amt condition as an ordinary vapor, containing only sufficient heat to 
42 
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maintain it in the aeriform condition. By the compression of a gas, 
beat is evolved, by rendering sensible the heat before latent* If the 
compressed gas is then surrounded by a freezing mixture, the further 
abstraction of heat causes the condensation of a corresponding portion 
of gas into a liquid. It is thus by condensing and cooling gases, that 
their liquefaction and solidification have been effected. 

689. Methods of reducing gases to liquids.— >In 1823, Faraday 
liquefied chlorine, cyanogen, ammonia, carbonic acid, and sonic other 
gases, by the following simple means. 

The materials from which the gas was to be evolved, provided they were solids, 
were placed in a strong glasB tube, 492 

bent at an obtuse angle near the 
middle, fig. 492, and the open ends 
hermetically sealed. Heat was then 
applied to the end containing the 
materials (e. g. cyan id of mercury), 
while tho empty end was cooled in a 
freezing mixture. Tbe pressure of the gas evolved in so small a space, united 
with tbo cold, liquefied a portion of it. Otherwise, if fluids were to be employed, 
the tube had the shape seen in fig. 493. The fluids were introduced by the small 
funnel on, into the curves r and 6, and the ends, a, <1, were then sealed by the 
blow-pipe. By a simple turn of the tube, all the fluid 
contents are transferred to the end, «, fig. 491, and the 
empty end, ti, is placed in a freezing mixture where the 
liquid gas collects. Any fluid which distils over from 
a, collects in the bottom of the middle curve. A minute 
manometer was introduced by Faraday into these tubes, 
in order to determine the pressure at which liquefaction 
occurred. The manometer was a small glass tube sealed 
at one end, and holding a drop of mercury ; tbe mode 
of reading tho pressure has been before explained (280). 

Later researches of Faraday.— In 1845, 

Faraday published the results of his experiments 
on the liquefaction of gases by means of solid 
carbonic acid. A mixture of this solid with ether, 
in the vacuum of an air-pump, gave him a tempe- 
rature as low as — 166° F. 

In such a bath, at the ordinary pressuro of the 
atmosphere, chlorine, oxyd of chlorine, cyanogen, am- 
monia, sulphuretted hydrogen, arseniuretted hydrogen, hydriodic acid, hydro- 
ttomic acid and carbonic acid, were obtained in the liquid form under moderate 
pressures. These liquids were colorless, with the exception of those from chlo- 
rine and oxyd of chlorino,< which are colored gaaos in tbe ordinary state. A 
number of the liquefied gases were solidified. The results obtained by Faraday 
en tbe liquefaction and solidification of gases may be found in Table XX. 

690. ThilorlM’i and Bianchi'a apparatus for condensation of 


493 
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gftftes. — To avoid the danger of explosion in the use of glass tubes 
and at the same time to obtain large supplies of liquid gases in a 
manageable form, a powerful apparatus of iron has been contrived by 
Thilorier; and, more lately, another by Bianohi with mechanical com* 
pression, for a description of which reference may be had to the Author's 
Chemistry. 

691 Properties of liquid and solid gases. — Liquid carbonic acid 
is colorless, like water, and has a density of 0*83. Its coefficient of 
expansion is more than four times that of air. Twenty volumes of the 
liquid at 32°, becoming 29 volumes at 80°. 

The solidified acid obtained by the evaporation of a portion of the liquid 
appears in the form of snow; when congealed by intense cold alone, it is dear 
and transparent like icc. It melts at a temperature of — 70° F , and is heavier 
than the liquid bathing it. The solid acid may be preserved for many hours if 
it be surrounded with cotton or some other poor conductor of heat. It gradually 
vaporizes without assuming the liquid form. The temperature of this solid, as 
determined by Faraday’s experiments, is about 10f>° below O ' F. Although so 
intensely cold, it may be handled with impunity, and when thrown into water, 
the latter is not frozen. By moistening it with ether, to which it has a strong 
adhesion, its low temperature is at once manifested. If mcreury is placed in a 
wooden basin and covered with ether, and then solid carbonic acid he lidded, 
the mercury will soon be frozen. Tbo temperature required to freeze the mer- 
cury is about — 40° F. This frozen mercury may be draw'll into burs, or moulded 
into bullets, or beaten into thin plates, if the operations he. performed with wooden 
instruments. 

Natterer, with a mixture of liquid protoxyd of nitrogen and bisul- 
phid of carbon, records a temperature of — 220° F. Kvun at thin low 
temperature, liquid chlorine and bisulphid of carbon preserve their 
fluidity. 

In protoxyd of nitrogen gas, combustibles burn with Hourly as great intensity 
as in pure oxygen; combustion also takes place in liquid protoxyd of nitrogen, 
notwithstanding the intense cold. A fragment of burning charcoal, thrown into 
this liquid, bums with brilliant scintillations, and thus almost at the same point 
there is a temperature of about .'1000° above and 1S0° below Fahrenheit’s zero. 

692. Latour’s law. — From hi.s experimenta on the conversion of 
liquids into vapors, Caignard de La tour announced the following law 

There is for every vaporizable liquid a certain temperature and pres- 
sure at which it may be converted into the aeriform state , in the. same 
space oompied by the liquid. 

In these experiments, strong glass tubes, furnished with interior manometer 
gauges, were partially filled with water, alcohol, ether, and other liquids, and 
hermetically sealed. The temperature of the tubes was then gradually raised. 
Ether becomes a vapor at 32K°, in a space equal to double its original bulk, 
exerting a pressure if 37-5 atmospheres; alcohol at a temperature of 404°'5 / 
with a pressure of 119 aims spheres, and water disappeared in vapor, in a spaas 
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four times its own hulk, at the temperature of about 773°. If Mariotte*s law 
held good in these cases, the pressures exerted would hare been very much 
greater than were actually observed. Even before a liquid wholly disappears, 
the elasticity of the vapor is found to increase in a proportion far greater than 
is the case with air at equally elevated temperatures. It is not therefore sur- 
prising that mere pressure fails to liquefy mauy bodies which exist ordinarily 
as gases. Compare the statements respecting Mariotte’s law in 274-277. 

603. Density of vapors. — The accurate determination of the density 
of vapors, in of much importance in Chemical Physics. It is accom- 
plished by filling a globe, or other vessel of glass, with the vapor at a 
given temperature, and weighing it; this weight, divided by the weight 
of an equal volume of air, under the same circumstances of tempera- 
ture and pressure, gives the density of the vapor. The details of 
the methods in use for this purpose, belong more appropriately to 
chemistry. 

\ 9. Spheroidal condition of Liquids. 

694. Spheroidal state. — Drops of water scattered on a polished 
surface of heated metal do not immediately disappear, but assume the 
form of flattened spheres, rolling quietly about, until they gradually 
evaporate. If the metal has not a certain temperature, it is wetted by 
the water with a hissing sound. This observation was made in 1746, 
and tun years after, Liedenfrost called particular attention to the phe- 
nomenon. Dbbereiner, Laurent and others, also experimented upon 
this subject. They found that saline solutions, as well as simple 
liquids, would act in the same manner ns water. It is, however, to 
Boutigny that we are particularly indebted for the investigation of the 
phenomena of the spheroidal state of liquids. 

Illustration of the spheroidal state. — The above experiment may 
be variously performed, according to the ingenuity of the experimei ter. 

A small smooth brass or iron capsule is heated over a lamp, fig. 49Ji, and a few 
drops of water allowed to fall upon it from a pipette; the 
drops do not wet the metallic surface, but roll about in 
spheroidal globules, uniting together after a time into a 
single mass, which, it will be seen, has the form of an 
oblate spheroid, and evaporates but slowly. This is the 
condition distinguished by Boutigny as the spheroidal 
state. If the metal is allowed to cool gradually, when 
the temperature fulls to a certain point, the liquid will 
burst into violout ebullition aud quickly evaporate. 

The spheroidal state may be produced iu a vacuum as well as in the 
air, upon the smooth surface of most solids, and also upon the surface 
of liquids. 

Noticeable phenomena oonnected with the spheroidal state. 

-—There are several important poiuts to be noticed as regards this 
curious subject. The chief of- these are, that, — 
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1. Tho temperature of the plate mast be greater than the boiling point of the 
•iquida, in order to produce the spheroidal state, and it varies with the boiling 
print of the liquid employed. 

Thus, with water, the spheroidal state is produced when the plate is at a tom* 
perature of 340 and may attain it even at 2SS° ; with alcohol 
and ether, the plate must have at least the temperature of 273° 
and 142° respectively. 

2. The temperature of the epheroid « is always lower than the ‘ 
boiliug points of the liquids. This was determined by Boutigny, 
by immersing a delicate thermometer in the spheroid, us shown 
to fig. 49(1. 

Thus, 205°*7 is tbe temperature of the spheroid of wnter; lf»S°*6 
that of alcohol; 93 0, fi that of ethor; 13 u, l that of sulphurous 
acid. 

The temperature of a spheroid is not quite ns definite as the 
temperature of ebullition of the liquid, hut rises somewhat as the 
plate upon which it rests is more intensely heated. 

3. The tempt rature if the vapor from a rpheroid is nearly tho 
same ns that of tho plate upon which it rests, which proves that 
the vapor is not disengaged from the mass of the liquid. 

4. The rapidity of evaporation from a ephendd, inc < ni*r« irith 
the temperature of the plate upon which it rent*, as is proved by 
the following experiments of Boutigny. The snine quantity of 
water 1 0- 1 0 gramme, or 1 ‘.'>34 grs.) was evaporated in each case. 

With the plate at the temperature of 392 ’, the water evupoi tiled in 207 seconds. 
With the plate at the temperature of 752 , the water evaporated in 01 seconds. 
With the plate at dull red heat, the water evaporated in 73 seconds. With tho 
plate at bright red heat, the water evaporated in 50 seconds. 

Water, in tiie spheroidal state, evaporates inut-h more slowly than at the tern* 
perature of ordinary ebullition Thus, when tho plat** was nt, the temperature 
of 212°. **'10 gnus, of water evaporated in 4 second* ; and when at the tempera- 
ture of 392', in 207 seconds, or about one-fiftieth part, as rapidly. 

095. Spheroidal state produced upon the surface of liquids. — 

A highly heated liquid may cause the. spheroidal state in another liquid of lower 
boiling point than itsulf. 

Thus, Poloiize found that water assumed the spheroidal state on very hot. oil of 
turpentine, although the wator is the denser liquid. Boutigny has thus sustained 
wuter, alcohol, and ether on sulphuric acid, nearly at its boiling point. With 
sufficient precautions, a number of liquids may be tlius piled one upon the other, 

0%. A liquid in a spheroidal state is not in contact with the 
heated surface beneath. — This must appear, cm reflection upon the 
facts already stated, and may he demonstrated ah follows: — 

A horizontal silver plate is surmounted by a tube of the snine metal, fig. 497, 
whose lower edges have two longitudinal slils opposite to each other. The pinto 
ti placed upon tbe colipilc (701) containing alcohol, which is nicely adjusted to 
A perfect level by the screws in the triangular base. Silver is employed to avoid 
the formation of scales of oxyd of copper, which would interfere with the obser- 
vation by interposing themselves to the light. 

When tbe pla‘« heated over the lamp reaches the proper temperature, a por- 
tion of wator is placed upor its centre, and ftnwediately assumes the spheroidal 
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condition. Placing the eye on a level with the surface of the plate, and lo iking 
through the apertures in the sides of the tube, the flame of a candle opposite 
497 



may bo distinctly seen. This could not huppen if the liquid was in contact 
with the plate. If a thick and heavy silver capsule is heated to full whiteness 
over the eolipilc, it may, by an adroit movement, be filled entirely with water, 
and set upon a stand, some seconds before the heat declines to the point when 
contact can occur between the liquid and the metal. When this happens, tho 
water, before quiet, bursts into steam, with almost explosive violence, and is 
projected in all directions, as shown in fig. 498. 

007. A repulsive action is exerted between the spheroid and 
the heated surface. — This proposition follows, indeed, as a conse- 
quence of the lust. It has already been demonstrated, that a liquid does 
not wot a surface, when the cohesion which exists between its particles is 
double of their adhesion for the solid (234). This adhesion is not only 
diminished by heat, hut a repulsive action is exerted between the hot 
body and the liquid, which becomes more intense as tho temperature 
is higher. This repulsive action is strikingly demonstrated by the 
following experiment of Boutigny : — 

A few drops of water were let fall into a basket, formed of a net- work of 
platinum wires, heated red-hot. Tho water did not pass through the meshes, 
even wlieu the basket was rapidly rotated. Hut when the metal was sufficiently 
cooled, the water immediately ran through in a shower of small drops, or was 
quickly dissipated in vapor. It would also seem, that vapors, like liquids, arc 
repelled from tho boated surface, for Boutigny found that a hot silver dish waa 
not attacked by nitric acid, or one of copper by sulphuric acid or ammonia. 
The latter Buhstanee had no action upon either iron or tine at a high tempera- 
ture. The suspension of chemical affinity under certain conditions of high 
temperature, is a fact of great interest in the physics of the globe. 

098. The causes which produce the spheroidal form in liquids 
are at least four : — 

1st. The repulsive force of heat exerted between the hot surfaee and 
the liquid, and which is more intense as the temperature rises. 

2d. The temperature of the plate is so high, that the water in mo* 
mentary contact with it, is converted into vapor, upon which the sphe- 
roid rests as upon an elastic cushion. 
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3d, The vapor is a itoor conductor of heat , and thus prevents the con- 
duction of heat from the mctnl to the globule. Another cuiuse which 
prevents the liquid from becoming highly heated is, that the rays of 
heat from the metal are reflected from the surface of the liquid This 
is shown by the fact, that, if the water be colored by lampblack, heat 
is absorbed, and the evaporation is much more rapid. 

4th. Evaporation from the surface of the metal carries off the heat M 
it is absorbed, and thus prevents the liquid from entering into chullt* 
tion. The form of the oblate spheroid, which the liquid assumes, is 
the combined result of tho cohesion of the particles to each other, and 
the action of gravity upon the mass. 

699. Preening water and mercury in red-hot crucibles. — The 
remarkable phenomena of freezing water, and even mercury in rod-hot 
crucibles, are striking examples of the production of tho spheroidal 
state of liquids. 

Boutigny placed a portion of liquid snlphuroiik arid in a rod-hot vessel. It 
assumed tho spheroidal state immediately, at a temperature hclow that of its 
ebullition, that is, below 14° F. A little water placed in the spheroid becomes, 
therefore, cooled below J12° F., its freezing point, and is converted into ire. 

Faraday placed in a heated crucible a mixture of solid carbonic arid ami 
ether, which immediately assumed the sfdicroidal state. Into it was plunged a 
metal spoon containing mercury ; almost immediately the mercury was frozen 
into a solid mass. The temperature in this case was probably as low ut 
— 148° F. 

700. Remarkable phenomena connected with the spheroidal 

State. — Ou the principle explained, the hand may be bathed in u vase 
of molten iron, or passed through a stream of melted copper unharmed, 
or one may stir fused glass under water without danger. In all similar 
cases, if the temperature be sufficiently high, the moisture of the hand 
assumes the spheroidal state, and duds not allow of contact with the 
heated mass. If, however, the hand is drawn rapidly through the 
melted metal, contact is mechanically produced, and injiiiy follows this 
rashness. The finger, moistened with ether, limy he, for the suine 
reason, plunged into boiling water without injury. 

701. Explosions produced by the spheroidal state. — The ex- 
periment illustrated by fig. 499, may he modified to illustrate explo- 
sions, and some other interesting facts consequent on the spheroidal 
state. 

A copper bottle, fig. 499, is boated as hot as possible over a double current 
tamp, and in this state a few grummes of pure water are introduced by a pipette. 
The water at once assumes the spheroidal condition, and has a temperature (as 
may be ascertained by a thermometer) below that of its ebullition. If tho neck 
of the bottle is now tightly closed by a good cork, the evaporation is so slight, 
tbit the pressure **f the vapor within is not immediately sufficient to drive out 
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the eork. If, h >wever, the lamp is withdrawn, the metal will sooo cool 
ciently to allow contact of the water with it. There will then be so sudden 
evolution of a large volume of vapor as to drive the cork 
from the bottle with a loud explosion. 

Steam boiler explosions may sometimes be 
explained by a knowledge of the principles here 
elucidated. Thus, whenever from any cause a 
deficiency of water occurs in a boiler, as when the 
pumps fail of a supply, or when, by careening, a 
part of the flues are laid bare while the fire is 
undiminished, a portion of the boiler may become 
heated even to redness. Water coming in contact 
witli such over-heated surfaces, would first assume 
the spheroidal state, and, almost at the next 
instant, burst into a volume of vapor so suddenly 
as to rend the boiler with frightful violence. Numerous accidents are 
on record where the explosion has been so sudden as not to expel the 
mercury from the open gauges. The fact that explosions on our Ame* 
rican rivers have occurred most frequently just at or after starting from 
a landing, iH explicable on the view here presented ; the vessel, while 
landing and receiving freight, being careened, so as to render tLe expo- 
sure of some part of the flues possible. 

702. Familiar illustrations of the spheroidal state, and effects 
of the spheroidal state of liquids, are not . unfrequent in cononon life 
and in manufactures. 

Tho most common example of the spheroidal state, is that of a dr'p of waIci 
on a houted stove, which moves around in a spheroidal mass, slowly evaporating. 
The laundress determines whether her flat-irons are heated sufficiently for her 
purpose by touching the surface with a drop of saliva on the huger. If it 
bounds off, the iron is judged to he heated to a proper temperature. In the 
manufacture of window-glass, constant application is made of tne principles 
here expluined. The masses of glass are first formed into a rude hollow cylin- 
der hy blowing them in wooden moulds. In order to prevent the charring of 
the mould, its interior is moistened with water, which, assuming the spheroidal 
itAte, protects the wood, while it does not injuriously cool the glass. 

Saline solutions are more efficacious for tempering steel than pure 
water. Now, as the point of ebullition of saline solutions is higher 
than that of pure water, contact between the liquid and the metal is 
produced sooner, and thus the steel is cooled more quickly, and the 
temper is better. 

MolUnl metals, like iron or copper, allowed to fall into water. d* not throw tha 
water into violent ebullition, as might be supposed, but pass in a brilliant stream 
to tho bottom of the vessel, the water io contact with the metal assuming tbt 
spheroidal state. 
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{ 10. The Steam-Engine. 

703. Historical. — The principles involved in die construction and 
theory of the steam-engine, have already been sufficiently discussed. 
A few words must suffice respecting their practical applications in the 
discovery and perfecting of this remarkable machine. 

For the first rudiments of our knowledge of steam as a motor, we 
must go back, as upon many other so-called modern inventions, to 
Egypt, where, 130 years b. r.* Hero, or Ileiro, describes in his “ Spiri- 
talia seu Pneumatica," among many other curious contrivances, what 
he calls the eolipile. 

704. The eolipile is a metallic vessel, globular, or boiler-shaped, 
containing water, and provided at top with two horizontal jet. pipes, 
bent into the form of an 8. 

This apparatus, fig. 500, is suspended over a flume, and being free to move, 
when the water boils, the steam rushing out. strikes against the atmosphere, 
and the recoil drives the apparatus around with great 
rapidity. This is in fact a direct-action rotary steam 
engine, and undoubtedly the curliest mechanical result 
achieved by steam power. It has often been re invented, 
in numberless forms, in modern times. In another form 
the eolopile is made to blow by its jet the flame of a lamp, 
and in this case the boiler is fixed and filled with alcohol in 
place of water, the jet descending through tire flume of the 
lamp as in the apparatus seen in fig. 407. Hero describes 
also other devices where steam was the moving power. 

705. First steamboat. — lilasco do (Sarny, a sea- 
captain of Barcelona, in Spain, in 1543, moved a 
vessel of 200 tons burthen three miles an hour by 
paddles propelled probably by steam, as the moving 
force came, it was said, from a boiler containing 
water, and liable to burst.. 

This experiment was made on the 17th day of June, 1543, in presence of 
Commissioners appointed bv the king, Charles V., whose report secured the ftivor 
of the crown to the projector. But what is unaccountable, nothing mom ever 
came from this singular success. J)e Ouray probably employed Hero’s eolipile 
ou a large scale, as Hero’s work above uuuied was about that time translated 
into severa'. languages and generally diffused. Passing tin 1 early efforts of Bnp- 
tifita Porta and De Oaus (a.i>. 1615), of Brnnehu (in IfiUWj, Otto V. (Incrick 
(1650), and the Marquis of Worcester (1603), we come to the first efficient steam 
apparatus (that of Savary). 

706. Savary’s engine. — In 1098, Capt. Thou. Savary obtained a 
patent “ for raining water and occasioning motions to till kinds of mil) 
work by the impellent force of fire." His apparatus can hardly bf 
•ailed an engine, or machine, since it has no moving parte. 
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501 in Savary’s engine. Two boilers, L and D, are connected together 
by the pipe, II. Two “condensers,” P and P\ are connected with the larger 
boiler, L, by pipes entering at top of both, and capable of being alternately 
shut off from the boiler by a valve, moved by 501 

the lever Z. Iiy two branch pipes beneath the 
eondensers, communication is established at plea- 
sure, by the uid of the cocks 1, 2, ,‘i. 4, alternately 
with the well by T, and the open air by the outlet 
pipe 8. The boiler, L, being in action, the con- 
denser, P, for example, was filled with steam, the 
cocks 1 and H being closed. By moving Z, the 
condenser, P', was next filled with steam also, 
cocks 2 and 4 being closed, and at. the same 
instant cock 3 being opened, the water rushed up 
through T, to fill the vacuum occasioned by the 
condensation of the steam in P. The lever, Z, 
was then moved to close P' and open P again to 
the boiler. Cock 4 now admitted cold water to 
P', and cock 1 being opened, the direct pressure 
of the steam from the boiler forced the water ^ 
out of P, in a stream through the discharge 
pipe, S. The water in I*' was also discharged 
in the same manner, and so on, alternately, each 
condenser was filled with cold watcT, and again 
discharged, maintaining a continuous stream of water from R. To supply the 
waste of water in the boiler, L, the contents of the smaller boiler, D, were from 
time to time forced by superior steam pressure into L, through the pipe H 
(provided •with a valve for that purpose), reaching near the bottom of D, whose 
capacity was such as to fill L to a suitable height. The boiler, P, was then re- 
filled through the pipe, E, from the supply box, X, attached to the discharge 
pipe. 

All the details of Savary’s contrivance show a nice adjustment of 
means to the end to be accomplished. 

707. Papin's steam cylinder, Newcomen's engine. — Denys 
Papin (Prof, of Mathematics at Marburg), whose name is connected 
with the high-steam digester, suggested in IG’JO the use of steam to 
produce a vacuum in lieu of the air-pump before used. 

For this purpose he constructed the cyliuder of sheet iron, and built a fire 
beneath its bottom, to boil a portion of water there placed. When the cylinder 
was filled with steam, the piston, before held up by a latch, descended as th % 
steam was condensed. No practical result followed this clumsy contrivance, on 
which Papin’s countrymen rest his claims to be considered as the inventor of the 
•texm-engine. 

Tuos. Newcomen, in 1710, first put in practice the use of a cylinder 
and piston in the steam-engine, in which the steam was alternately 
admitted and again condensed by a stream of cold water. This engine 
>perated against the pressure of the atmosphere, and was effectual in 
>nly ore direction, i. e. t it was a single acting engine. 
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708. The atmospheric engine is well illustrated by the apparatus 
shown in fig. 502, which was contrived by Dr. Wollaston, to show tbs 
nature of Papin’s cylinder. 

A glass, or metallic tube. Kith a bulb to hold water, i« fitted 
with a piston. This piston-rod is hollow, and closod by a 
screw at a. This screw is loosened to admit the cscupe of tho 
air, and the water is boiled over a lamp : as soon as the steam 
issues freely from the open end of the rod, the screw is tight- 
ened, and the pressure of the steam then raises the piston to 
the top of the tube, the experimenter withdraws it from the 
lamp, the steam is condensed, and the air pressing on the top 
of the pistou forces it down again : when tho operation may be 
repented by again bringing it over the lamp. 

In all the early steam-engines, the steam was condensed 
withiu the cylinder, cither by water applied externally, or by a 
jet of water throwu directly into the cylinder. It is very obvi- 
ous, that a great loss of fuel and time was thus involved in 
bringing the cylinder up again to 212°, boforc a second stroke 
could be made. 

Newcoiikn and Smkaton constructed very large engines, however, on this 
principle, and applied their power directly to the pumping of mines. Although 
Bmcaton introduced an improved kind of mechanical work and many improve- 
ments in minor details, and better boilers, lie succeeded only in raising the 
average duty of steaiu-engiues from about five und a half millions of pounds, 
raised one foot by a bushel of coal (HO lhs ) burned, to about nine and a half 
millions, in his best engines. A good pumping engine now raises from ninety 
to one hundred and thirty millions of pounds for every bushel of coal burned. 

709. Watt’s improvements in the steam-engine. — The steam- 
engine as it was left by Sincaton was, as wo have seen, only a steam 
pump, confined to the single function of raising water, and incapable 
of general use, as well from its imperfections as from the enormous 
cost of fuel it required. — Watt, in 1763, was a maker of philosophical 
instruments at Glasgow, and had occasion to repair a model of the 
Newcomen engine. The study of this machine and its defects, led 
Watt to construct a new model, in which the steam was condensed in 
a separate vessel, in connection with which he subsequently found it 
advantageous to use an air-pump — to aid in keeping the vacuum good, 
as it was otherwise vitiated by atmospheric sir leaking in, and coming 
from the water of the boiler. These ideas were matured and realized 
in 1765, and in 1769 he took out his patent, in which all the % essential 
features of our modern steam-engines are included. In connection first 
with Mr. Roebuck, of Carron Iron Works, and subsequently with Mr. 
Boulton, of Soho, he put his ideas in practice, and hy reserving to the 
patentees one-third part of the saving of fuel effected hy his improve- 
Bients, his genius was rewarded by the accumulation of a princely 
fortune 
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Watt’s in -sntion of low pressure condensing engines stands without a parallel 
In the history of science for the perfect realization of all the conditions of the 
problems to be solved — the perfect mastery of the laws of nature — the nsa 
of matter, by which they were accomplished, and the thorough exhaustion of 
the subject even in its minutest details, so that to this day we have no improve- 
ments in this machine involving a single principle unknown to Watt. In the 
beauty and perfection of mechanical work, in size of parts, and the strength 
of boilers, we have machines greatly superior to any Watt ever saw, but it was 
his genius that rendered those perfections possible, and supplied the very power 
by which they have been worked out. 

710. The low pressure or condensing engine. — The low pres- 
sure engine is employed in all situations where economy of fuel and 
the best mechanical effect from it are the ruling considerations, and 
where lightness and simplicity of construction is unimportant. This 
machine now remains almost exactly as Watt left it. Owing to the 
nearly perfect vacuum obtained in it by the condenser and air-pump, 
much less pressure of steam is required to produce a given mechanical 
result; e. </., if the vacuum is equal to fourteen lbs. atmospheric pres- 
sure, then a steam pressure of six lbs. would give an efficient moving 
force of twenty lbs. to the machine. Hence the propriety of the term 
“low pressure” engine; but in practice it is found advantageous to use 
higher pressures in the condensing engines than Watt ever contem- 
plated. 

Fig. 603 is a section of the cylinder, A, condenser, e, air pump, hot and cold 
well, and a view of the most important attached parts of a modern condensing 
engine. The cylinder, A, is seen receiving steam at top through the throttle* 

603 



valve. <i, driving down the piston, B, with its rod, C. A stream of cold water 
Injected into the condenser, r, has completely condensed all the residual steam 
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of the former stroke which has found its wav from A by the eduction pipe, d, 
■o that the piston, B, is descending into a nearly perfect vacuum (671). The 
hot water of this condensation is constantly dravru off through the valve, k, by 
the air-pump whose valves, i i, rise to allow its flow into the hot well. /, whence 
it finds its way, solicited by the plunger pump. 8 . to the boilers by the pipe, 1 \ 
and its valves, o •>. The cold water pump, < 7 , supplies a steady stream of cola 
wator by the spout, r, to the cold well. By the time the piston, B, has reached 
its lowest point of descent, the valve rod, V, and eccentric bar, S, have moved 
so os to open the lower steam ports and reverse the direction of the piston. 
When the steam ubove, B, is in its turn taken into the condenser, r, by the 
Appropriate channels, and removed as already explained for the downward 
stroke. The piston rod, C, and valvo and pump rods, are connected above 
with the great working-beam, whose further extremity conveys the power of 
the engine by the pitman. (5, through the crank pin, H, to the main shaft, K, 
on which is the fly-wheel, L, to give steadiness of motion to the whole appa- 
ratus. The arrows show the motion of these parts as the piston dosceuda. 
The governor, x, controls the throttle-valve, a, by connections not shown in 
this drawing. 

711. The high pressure engine. — In this machine, the escape 

steam is driven out against the pressure of the atmosphero, and no 
attempt is made to utilize its capacity to form a vacuum, consequently 
this form of apparatus could be used as well with condensed air, or 
any other elastic fluid, as with steam, if there was any other that could 
compete in economy with it. The lightness, simplicity, and low cost 
of the high pressure engine, make it avai.la- $04 

blc in spite of its uneconomical use of steam, 
in many situations where a condensing en- 
gine would be unavailable. 

The stcuin arrives by the pipe, Z, fig. 604, to 
the steam chest. It, and is admitted alternately 
5y the ports erf, to the top and bottom of the 
cylinder, A A, as the valve rod, 8 , actuated by 
the eccentric, /, on the main shaft, opens and 
shuts the ports by the slide valve in K. The 
escape steam makes its exit through 9 to the 
atmosphere. The pitman, 1*, conveys the motion 
of the piston, C, to the crank. Q. and the main 
shaft, on which is the large fly-wheel, j*, to 
accumulate momentum. The flow of steam is 
rogulated by the governor, V, whose halls fly 
out with the centrifugal force of a more rapid 
motion, and bv the rod, h 6 , close more or less 
the throttle-valve, x , which regulates the supply 
of steam ; the pump, 00 , supplies water to the 
boiler, and is moved by the rod and eccentric, g, 
on the main shaft. 

712. The cut off. — The supply of steam both to the high and low 
pressure engine is further regulated by a contrivance called the “ cut 
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off/' which may be 6et to cut off the flow of steam entirely, or at auy 
portion of the stroke, as one-half, or one-third. The expansion of tho 
steam then completes the work, and great economy of fuel is found to 
follow its use. 

713. Steam boilers. — The form of steam boilers varies very much 
with the purpose to which they are to be applied. On land, large 
boilers may be safely used, which would be wholly valueless at sea, or 
On a locomotive engine. 


Plate-iron strongly rivoted and braced, iB the material combining the greatest 
economy and Btrength. Copper can be used only when the fuel contains no sul- 
phur, and is the best material to resist corrosive agents. Simple cylindrical 
boilers, laid horizontally, with a fire-flue under the whole lower surface, are 
commonly used for high pressures. When these are made large enough to 
receive the furnnees within and distribute the heat in interior flues, they are 
called Cornish boilers. When their 606 


construction is still further modi- 
fied, with reference to the greatest 
possible increase of fire surface, 
they are called locomotive boilers, 
as in the annexed figure, 606 ; 
which is the common locomotive 
boiler seen in section. 1). is the 
feed-door, for fuel to the furnace 
or fire-box, A, which communi- 
cates by numerous small hori- 
zontal tubes, entirely surrounded 
by water, with the base of the 



chimney. 11. into which the blast of exhaust steam from the engine is driven at 
K. K, is the steam chamber, where a trumpet tube in the dome conveys the 
dry stuain on its wav to the cylinder through F. Steam boilers are supplied 
With hot water by a force pump, and gauge cocks indicate the water level. 


714. Mechanical power of steam. — Horse-power. — As steam- 
engines were originally employed to take the place of horses in raising 
water, it was natural to estimate their power by the number of animals 
they replaced. The value of any force is correctly stated us the num- 
ber of pounds raised one foot high in a given time (foot-pounds). As 
the use of steam became general, the term horse-power was retained, 
bat its use was restricted bv Watt to mean 33,0uQ lbs. raised one foot 
per minute, or nearly 2,000,000 lbs. raised one foot per hour. 

As ono cubic foot of water converted into steam yields, in round numbers, 
1700 cubic inches of vapor, its mechanical effect at atmospheric pressures, is 
equivalent to raising 16 lbs. 1700 inches (or 142 feet ) in a tuho of one. ou h area. 
But 16 lbs. raised 142 feet, is the same thing as 142 times 16 lh«. raised one foot, 
or 1130 lbs., :r nearly a gross ton. The total mechnnical force de\ eloped by 
•1 nging <>no cubic inch of water into 1700 cubic inches of stenm is, therefore, 
oeorly one t*»n. Only 60 or 70 parts of this power are, however, regarded m 
r available in use. denuding friction and loss from other causes. 



*ot« f the evaporation or a :ahic foot of water iu an hour, subject U this dcdmv i< u. 
will giro the full force of about 1000 cubic inched of water converted into steam, 
M the expression of one horse power (vi*., .*>3,000 lbs, \ 00 5= 1,000,000 lbs.) f 
Jr nearly 2,000,000 lbs. raised one foot. This is a somewhat rough approx iuia 
lion, but it gives constants easily remembered and sufficiently near the truth 

A boiler of one-hundred horse power means, then, a boiler capable of erapo v 
rating 100 cubic feet of water per hour. 

In practice, it is common to allow, iu large land engines, for every horse 
power, one square foul of lire bars in the grille, three cubic feet of furnaoe 
room, ten cubic feet of water iu the boiler, and ton cubic feet of stoaui chamber 
In locomotives and steamships, these proportions vary very much. 

715. Evaporating power and value of fuel.— In England, engi- 
neers estimate ten pounds of bituminous coal for every cubic foot of 
water ( 1 . e. every lmrsc power) to be evaporated. In carefully con- 
structed boilers, however, this effect is produced by seven or eight 
pounds of coal. In the Cornish boilers, where a very large evaporating 
surface is allowed, five pounds of coal only, and sometimes less, are used 
per horse power. I 11 the United States, anthracite coal averages ten 
pounds of water evaporated, for every pound of coal burned. This 
would give (>'2f> lbs. of antlirncite for each cubic foot of water evapo- 
rated. A well regulated current of vapor conducted over the flume of 
bituminous coal by Dr. Fyfe, raised the evaporative effect produced 37 
per cent, above what was obtained from the unassisted coal. This 
increase is due to the decomposition of the steam by the hot fuel, mid 
the consequent effect of the pure oxygen on the carbon. Well seasoned 
wood (beech or oak), still containing about 12tl per cent, of water, and 
W’ell dried peat, have about equal evaporating power, and are only 
about two-fifths as effective as an equal weight of ordinary bitumiiiouH 
coal. 

Welter has observed that those quantities of a combustible body which require 
an equal amount of oxygen for combustion, evolve also equal quantities of heat* 
although later researches show this conclusion not to he. strictly true, it is sup- 
ported by many facts. In all eases of combustion, the action is reciprocal ; the 
oxygen is burned in the fuel as truly as the fuel by the oxygen, and, therefore, 
the same amount of heat is generated by n given uniount of oxygen, whether in 
converting carbon ^nt<> carbonic acid, or hydrogen into water, T«» burn one 
part of carbon, requires 2 66 parts of oxygen ((.'O a ^ 10 : 0 •- 2 00), and to 
burn one part of hydrogen, requires ft parts of oxygen. It has been prove! 
experimentally (by llumford; that 7ft purls of water are raised from 32° to 2 1 2 C 
by burning one part of carbon, while one part of hydrogen so burned will ruiso 
236*4 parts of water through the same degrees. It therefore follows, that one 
part of oxygen, burning carbon, will heat 7ft : 2 66 ■ 251*26 parts of water 

from 32° to 212°; and also that the saint: quantity of oxygen, in burning 
hydrogen, will beat 236 4 ~8i<. 251 66 parts of water through the same degreed., 
The heating effect of oxygen may, therefore, be assumed to be 550, or, in unit! 
•f heating power, 5400. 

If the beating effect of pure carbon ia tal en at unity the relative heating 



480 


PHYSIOS or IttPONDEAA&LJS AGENTS. 


•flints of combustibles will range as follows for equal weights: — hydrogen, I; 
vegetable oil, 116— 122; ether, 1*02; carbon, 1 ; wood charcoal, 0 90; alcohol, 
0*86; good coal, 077 ; dry wood, 0*46 ; wood (with 20 per cent, water), 0*S6; 
peaty 0 33 — 0-38.— (Knapp.) Compare § 753. 

The beat expansive steam-engines, it is calculated, give back, in the 
form of mechanical work, only about 18 per cent, of the beat generated 
by the fuel burned in driving them. 

Prof. W. ii. Johnson (“experiments on coals”) and others, argue, 
as the result of experiment, that the total amount of carbon in a fuel, 
is the measure of its practical evaporative power, llis results very 
nearly sustain this view. He found, also, that about 86 per cent, of 
the total heating power were expended in evaporating water, and about 
14 per cent, were lost in the products of combustion. Of the total 
heating power, by calculation, about 20 per cent, were lost in practice,— 
as deduced from the experimental effects stated in his tables. 

§11. Ventilation and Wanning. 

I. VENTILATION. 

710. Currents in air and gases depend upon principles which 
have already been fully explained, — but the subjects of ventilation and 
artificial heating are of such great importance in daily life, that they 
demand a brief and separate consideration. 

Currents arise in air from differences of temperature and variations 
of pressure. The perfect freedom of movement in air, renders its fluc- 
tuations from these causes incessant. If the air was visible, every 
candle, gas-light,, stove, furnace-flue, and human body, would be seen 
to be the centre of an ascending 500 

column of heated air, whose place 
was constantly supplied by other and 
colder particles. 

On t>H» lnw of the equilibrium of flu- 
ids, the ascending currents must induce 
others, descending anil horizontal, and 
thus a circulatory motion is imparted, 

•ven by a single lighted candle, to the 
whole gaseous contents of a quiet apart- 
ment Those currents are made visible 
whenever the caudle smokes. If the 
door of a heated apartment etauds ajar, 
and a candle is held near the top crack, e, 

500, the warm air of the room is seen 
, to draw outwards, carrying the flame with 
It, and a corresponding cold current, a, 
flows in at the bottom, — while a point, 

I, will ht found, midway its height, where the candle flame is undisturbed. Se 
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* window, partly opes, will occasion a draught f cool air, blowing in nt tha 
bottom of the opening, and a compensating warm currcc will escape outwards, 
above. 

This constant interchange of motion in unequally heated masses of 
air, while it soon poisons the confined atmosphere of a close apartment! 
where many persons, with or without lights, are assembled, also supplies 
the easy means of curing one of the greatest evils of civil izod commu- 
nities. 

717. Draught in chimneys. — Chimneys draw because the products 
>f combustion discharged into them, arc specifically lighter than the 
^uter air. The column of heated air, C J>, fig. 507, rises with a velocity 
proportionate to the excess of weight in a column of the v uter air. A 11, 
of the same area and height. The laws of falling bodies (71) apply 
to this case in every particular. 

Suppose, for example, & chimney is 18 feet high, and the gases in it art 
heated to 100° F , the outer air being 70°. The contained column would, there- 
fore (607), expand 4 3 9 fl , . or about j'^th of its 
original bulk at 70°. A column of 10 feet of 
such air would, therefore, be required .to coun- 
terbalance one of 18 feet high in the exter- 
nal air at 70°, and of the same area. The 
heated air will, therefore, rise (for the name 
reason that a balloon rises), with a velocity 
equal to that acquired by a body falling through 
one foot, i. r., a space equal to the difference in 
height of the two columns — of rt/tuii o* iyht. 

The laws of gravity, therefore, supply the 
means of calculating the theoretical velocity 
of the ascending column, and of course that, 
with the area of the cross section of 1 1*** flue, 
will determine the quantity of air passing 
through the chimney in a given time. But the 
friction of the air against the sides of the Hue, 
and the varying donsity of the products of 
combustion compnred with air, diminish the' 
theoretical velocity, and it is usual to allow i 

deduction of one-fourth for theso causes. The following rule will be found to 
give a sufficiently exact practical expression of the velocity of air in chimneys 
and ventilating flues. 

Multiply the square root of the difference in height of the. two columns 
of air (deduced as above) expressed in feet and decimals of a foot , by 
eight; deduct one-fourth , and the product of the remainder , multiplied 
by sixty , will give the velocity of efflux per minute ; and the area of the 
flue infeet f or decimals of afoot , multiplied by the velocity , will give the 
number of cubic feet discharged per minute. — (Hood.) 

This rule, m the caae su) posed, would be j 1 ) X 60 ~ ’60 cubio 
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feet of gases discharged per minute, by a flue 18 feet high and one fool 
area, whose temperature is 30° above the outer air. 

Chimneys, iu the sense we mean, were not known to the ancients. Holes in 
the roof, and windows allowed the escape of smoke from the kitchens of the 
Insurious Romans. Rut the mild climate of the Mediterranean shores did not 
require much attention to means of artificial warmth. In the houses of ancient 
Herculaneum and Pompeii, exposed in modern times, there are no chimneys. 
Rut even in England and France, where fires in winter are necessary, chimneys 
were first introduced only in the middle of the 14th century. The Curfew Bell 
(eouvre-fru, firo cover) was needed as a precaution against the danger of fires, 
Without chimneys. 

Reversed draughts and smoky chimneys occur, 1st, when tne 
flue or fire-place is badly constructed ; 2d, when two flues open into 
one apartment, or two connecting apartments, and there is a fire in 
only one flue; 3d, when a powerful fire exists in one part of the house, 
as the kitchen, for instance, without an udequate supply of air from 
without, it will draw the needed supply through the smaller flues in all 
parts of the house* reversing the draught in them; 4th, when (as in 
many old houses) the flue is so large jthat cold currents may descend in 
the angles, while a heated one ascends the axis ; 5th, when a neighbor- 
ing higher house or eminence directs, in certain states of the wind, a 
cold current down the flue. 

The remedy for reversed draughts is best found in one commanding 
central stack, into which all the minor flues discharge, while exhaust- 
ing cowls, like fig. 511, are the best cure of smoky chimneys. 

718. Products of respiration and combustion, and necessity 
for ventilation. — By contact with the lungs, and with burning fuel, 
the air is contaminated, chiefly with carbonic acid, water, effete nitro- 
gen, oxyd of carbon, and animal odors. Every full grown individual 
consumes, in every minute of quiet respiration, about 500 cubic inches 
of air. About 14 ounces of carbon ure burned by the air out of the 
body of a man in twenty-four hours, and all this is returned in the 
form of carbonic acid to the air. 

Such air cannot be breathed again without danger. Mixed with the sur- 
rounding air, it contaminates that also. Headache, languor, uneasy respiration, 
nausea, faintness, and syncope are results which always follow from breathing 
air contaminated with these poisonous exhalations, even in very moderate 
quantity. Excn two per cent, of carbonic acid, derived from respi-ttion or 
combustion, may produce all the symptoms above named. The full chemical 
and physiological evidence upou this important subject cannot be here given, 
but the evils arising from the slow and insidious effects of the poison of bad 
ventilation, can hardly be over estimated. In ordinary combustion, especially 
with alow fires and an imperfect supply of air. carbonic oxyd is also produced; 
and this is one of the gases most likely to leak from hot-air furnaces when the 
Joints are not tight. It « much more destructive of life than carbonic acid, or 
those gases of sulphur, wuosc presence is at once declared by their odor. 
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719 The quantity of vapor given off by the body, in sensible 

and insensible perspiration, anil by the lungs, is very considerable, 
being not less than ten or twelve grains each minute, or about three 
pounds per day, which, with the quantity of carbonic acid expired, 
makes about three and a third pounds, besides other excremontitious 
matter, given off in twenty -four hours. 

If the nir of a crowded apartment, is conducted through water, so much nni- 
mal matter is collected in the water as to occasion a speedy putrcfactivo fermen- 
tation, with a disgusting odor. The blast of air escaping at the upper ventilator 
of a crowded assembly loom, is so oppressive as to produce immediately tho 
most distressing symptoms. While we instinctively shun all contact with 
unclean persons, and what we call dirt, even refusing a cup that has pressed 
the lips of another, and esteem all water not transparent as loul, it is marvellous 
with what thoughtlessness we resort to crowded and ill ventilated public places, 
and drink in the subtle poison exhaled from the lungs, skin, and clothing of 
every individual in the assembly. Especially when we remember that while 
the digestive apparatus can select ami assimilate nutriment from food of quea- 
lionuhlc quality, the lungs have no such power of selection, and can discharge 
their duty to the blood only by a full supply >f pure air. If the transparency 
of nir was troubled by the exhalations of the lungs us water is by the washings 
of the body, no argument would he needed to secure attention (<* the importance 
of ventilation ; and yet it is quite true thut the bodily health sutlers more from 
inhaling effete air, than it could from driukitig the wash alluded to. 

7 120. The quantity of air lequired for good ventilation, ih very 
variously stated by different authorities. Enough fresli nir must, bo 
supplied, obviously, to replace all tlint is contaminated by the lungs, 
the body, and sources of illumination, liut to determine exactly how 
much these several sources of deterioration demand, i^ not so easy. 
The amount of uir needed to remove the products of respiration, is 
very much less than is required to absorb the vapor of water given off 
from the lungs and the skin. The quantity of vapor the air can take 
up, will depend on its dew-point and temperature. Hood estimates 
three and one-quarter cubic feet of air per minute, for each individual, 
in winter, with an external temperature of 20° or 25°, and a quarter 
of a cubic foot per minute to supply the waste from the lungs, making 
three and a half cubic feet per minute, or two hundred and ten cuhio 
feet per hour in winter, and five hundred in Hummer. Pec let estimates 
it at two hundred and twelve cubic feet per hour. Dr. lleid estimates 
the quantity, as high even as thirty cubic feet per minute per individual. 
Brcnun puts it at 10*25 cubic feet. 

721. Products of gas illumination. — Every cubic foot of gas, of 
average quality, requires the oxygen of about twenty cubic feet of air 
(vix. 4*25 cubic fee* oxygen, to burn it, and produces rather over a 
cubic foot of caroonic acid, still more water, and, if the gas is impure, 
sulphurous acid and compounds of ammonia will be added, which. 
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dissolving in the watery vapor, condense upon and corrode furniture, 
books, metallic articles, &c. Every pound of coal gas burned produces 
2*7 lbs. of water, and 2 56 lbs. of carbonic acid ; and, as a cubic foot 
of coal gas weighs about 290 grains, twenty cubic feet will weigh a 
pound, a quantity which four common fish-tail burners consume in an 
hour. The capacity of air for moisture at 68°, is 7*31 grs. per cubic foot, 
ft would, therefore, require 2373 cubic feet of air at 68° to retain the 
water from twenty feet of gas, arid nearly five times as much at 20° F. # 
not to name the amount required to dilute the carbonic acid and free 
nitrogen produced. 

It is needless to add, that the veutilation of gas burners is on important 
matter. Fortunately, a gag chandelier affords one of the best means of pro- 
ducing an upward current in an assembly room. Candles and oil consume more 
air, and, of course, produce rnoro effete products for an equal amount of light 
than gas. 

722. The actual ventilation of buildings is a practical prob- 
lem, to be wrought out in each case, with careful regard to the prin- 
ciples and facts just stated. The supply of air required may be obtained 
in two ways: — 1st, by the ascending column of heated air in a shaft, 
drawing after it the effete air to be removed, and supplying its place 
by fresh air, warmed in its progress to the apartments. 
thermal ventilation ; or, 2d, mechanical force may bo 
employed, by means of revolving fan-wheels driven by 
a steam-engine, or otherwise, forcing the air through 
the apartments to be warmed and ventilated. This is 
called mechanical ventilation. 

By the first method, Dr. Ueid ventilatod the House of Com- 
mons in England. By the second, Mr. llico ventilated the 
House of Lords with a fan -wheel, over thirty feet in diameter. 

723. Stone’s ventilating shaft. — An excellent com- 
bination of the thermal ventilation, with the plan of 
hot-air furnaces, so generally used in the United States, 
has been devised by 8. M. Stone, Architect, which has 
been found efficient in the New Haven* City Prison, the 
State Reform School, and other similar buildings. 

Fig. 508 shows a plan and section of this system. 

A ventilating shaft of brick, C, rises in the centre of the 
house, through the axis of which passes & cast-iron smoke 
flue. A, carrying off the waste products of the furnace. The 
radiant heat of this iron flue bents the air in the shaft B. 

Opouiugs, I) and P, are pierced from the various apartments 
into this shaft., and allow the air of the rooms free opportunity 
of escape, solicited by the powerful ascending draught of the vertical shaft 
Distant apartments are connected with the shaft by hurix ootid pipes of wood Of 


Tli is is culled 
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its. The openings, D, should be covered with wire game, and fitted with Dr. 
Arno it’? self-acting noiseless valve, which allows the passage of an upward cur- 
rent only. The apartments are supposed to receive their supply of fresh and 
warm air through hot air flues, ascending in the walls. In summer it would he 
found needful to establish a current in the shaft hv an occasional fire in the 
furnace, or by a special furnace for that purpose in the top of the house. In 
cities, the air t%ken into buildings may he strained through fine wire ganxo and 
•pray of water, as was accomplished by I>r. Reid in the House of ('ominous. 
By the rule (717), the power of such a shaft to discharge air cun ho calculated. 

724 Cold currents produced by ice. — Refrigerators. — Air, in 
contact with ice, acquires, of course, a low temperature, ami part* with 
a large part of its moisture. Thus, snow-dad mountains and glaciers 
naturally send down to the valleys below a current of cold air, flowing 
like water over the surface, especially at night, when the absence of 
the sun prevents the accumulation of heat on the earth’s surfaee. 

Adroit use has been made of this cold dry current, in the construction of re- 
frigerators for preserving food in warm weather; and the same principle has 
been applied, on a large scale, to the cooling of largo apartments. Figs. 609 
and 610 show a section and elevation of Wiuship's Refrigerator. The ice, A, 

609 


610 


fig. 610, is sustained upon a shelf in the upper part of the box, surroiindol with 
double charcoal linings. The air enters by the register openings, (\ nnd coming 
in contact with the ice, is cooled, and falU to the bottom, as indicated by the 
arrows, where it finds its egress at K, between hollow walls, ami finally escapes 
at F, as iii an inverted syphon. In this way a gentle current of about 46° F. 
is steadily maintained as long as the ice lasts, and, being dry, articles of food 
are preserved sweet and free from mould for a long time. A similar device baa 
been used for large apartments. 

725. Cowls. — Emerson's ventilators. — Advantage is taken of the 
current* in the external air, to aid in eBtahlinhiiig ventilation in houae*, 
and draught in chimneya, by the umc of ventilating cowls. 

These contrivances are often conical, and hung with a vane, to turn against 
the wind One of the most generally approved, however, in common use, appear! 
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to be the ventilator of Emerson, fig. 511, which is simply a cone of metal, i 
rounding the flue, over whose vent, and a short distance 
above it, is sustained a disc of metal. If the wind blows 
from any point, its effect, on striking this conical surface, is 
to pass upwards and across the open flue, with an increased 
velocity. The result is to solicit an upward current in the 
shaft, as shown by the arrow, in the figure. 

If it is desired to direct a current of fresh air into the 
■haft, an injecting ventilator is used, which is simply the 
above cone inverted, or two or three such placed one over the 
other. These arc found very efficient in projecting fresh air 
Into the cabins of ships, and other similar situations. 

720. The supply of fresh air in dwellings is de- 
rived, in the winter, almost exclusively from the cracks 
and joints of doors, windows, and other openings. In 
all good systems of general warming, this supply is 
derived from the open air, or a free basement, and is 
warmed in its progress through the heating apparatus. 

When it is requisite to introduce cold air into a house, 
it is important to do so in such a manner as to avoid 
local and sharp currents; for this purpose, perforated 
cornices, or openings covered by wire gauze, are provided. A too rapid 
current is both inconvenient and costly, from the needless waste of fuel. 

In public btiihlings, the supply is best obtained through a trench, or horizon- 
tal tube, opening into a clean area, and protected against powerful winds. Tho 
injecting cowl may bo advantageously used to cover the opening of such a sup- 
ply. Tho distribution of the ascending warm current is best made through a 
hollow or double floor, perforated with numerous openings, while the spout air 
is taken off above, as already described. 

II. W Alt M I VO. 

727. The artificial temperatures demanded in cold climates 
ure produced, 1st, either by radiant heat solely, as in the common 
open tire place, 2d, by eon\ action only, as in hot-air furnaces of every 
description, in which the air is warmed by its passage through a heat- 
ing chamber, and then introduced into the apartments to be warmed, — 
or 3d, by radiant heat and convection united, as in stoves, and steam 
or hot water pipes. 

728. The open fire contained in a simple brick fire-place, fig. 507, 
whether coal or wood is burned, warms the air of the room solely by 
radiant heat. The burning fuel solicits the air of the apartment to be 
warmed toward* the chimney, where, coming in contact with the fire, it 
parts with a portion of its oxygen to sustain combustion, is intensely 
heated, and rising, escapes at the flue, with the heated products of com- 
bustion. Hence only the heat radiated from the burning fuel and hot walls, 
js effectual in warming the apartment, while much the largest part of the 
heat (three-fourths to four fifths of the whole) escapes up the < 
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The genial effect and cheerful aspect of an open fire, combined with the cfB- 
sient means of ventilation it affords, render this old system very popular, when 
combined with some competent general plan of warming the whole house. 

Dr. Franklin improved the common tire-place by introducing iron stoves, of 
the same goneral iortn, and connecting them with the chimney by n circuitous 
pipe, by which means a much better economical effect was attained. Kumford 
improved the form of the tire-place very much, and especially with reference to the 
throat of the chimney and angle of the jambs. Jle also combined it with a circula- 
tion of hot air behind and at the sides of the fire, so as to obtain the effect of a stove. 

Stoves of iron, standing in the apartment to he warmed, offer, perhups, the 
most economical mode for burning fuel— but when, as is too often the case, they 
are closed tight, except a very small opening for draft, ttiey are among the vilest 
contrivances in use for the ruin of the public health. The atmosphere if the 
room unavoidably becomes over-heated and corrupted by the products of rospl- 
ration, in the almost universal ah.-vnee of any mode of voutilation. 

7*JU. Hot air furnaces. — -Large buildings and dwelling-houses are 
frequently wanned by air heated in its passage through a structure in 
the lower part of the house. One of 612 

the simplest forms of apparatus for 
this purpose is seen in tig. M‘J, being 
a sectional view of a hot air furnace, 
in which the cold air entering at A, 
passes, as indieated by the arrows, 
through an extended system of iron 
passages set in brick work and heated 
by the products of combustion, and 
the direct action of the lire, F. The 
heated air gains the apartment, m, 
by openings, 1$, in the lloor or sides 
of the wall, while the gases of com- 
bustion escape, by the flue, O. Such an apparatus serves only to 
illustrate the general principle, and would prove valueless in practice. 

Very numerous forms of hot-air furnaces are in use in the United States, chiefly 
for the roinhuHtion of unthrucite coal. They are essentially alike in principle, tut 
very unlike in construction All take cool air from with- 612 

out. or tr^pi an airy bu-ement, and after heating it in a 
brick chamber, by contact with surfaces of hot iron sur- 
rounding the fire, and conveying away the products of 
combust*. »n, distribute it bv flues in the wall to ihc. several 
apartmeuts. Fig il.'J presents a sectional tpew of one of 
the best hot air furnaces ul present in use M'hilsonV; 

The fire of anthracite is contained in a large shallow pot 
of cast-iron, with soap-stt or iron staves, and the heated 
products of combustion arc expanded in ari extensive sys- 
tem of chambers of cast-i _n. all communicating with an 
annular cast-iron pipe, lending to the chimney. This 
arrangement affords a very extended radiating surface, 
with few joints, to allow the escape of noxious gases into the surrounding hot- 
air chamber. The arrows indicate the direction of the current* 
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In fig. 514 is seen the furnace, surrounded in the brick work, w’lich is hollow. 
The cold air enters at the bottom, and being gently heated by contact with the 
hot-air surfaces within the chamber, as well as by the 514 

radiant heat from the same source, it escapes by the 
openings, «o, to the various apartments. The extended 
iron surface in this apparatus prevents any part of the 
furnace from becoming very hot, usually the chief causes 
of complaint against this mode of heating. Air is mate- 
•ially injured for purposes of respiration by contact with 
«rer-heatcd surfaces, owing to the charring of the parti* 
vies of dust and dirt always floating in it. The chief 
objection resting against this and similar modcB of heat- 
ing is the entire absence of radiant heat in the apartment*, 
whose occupants are, so to speak, immersed in a warm 
air bath, and require, consequently, several degrees more 
heat, by tbo thermometer, for comfort, than when radiant heat forms a part 
of the meuus of an artificial temperature. 

Ilot-air furnaces are commended on account of their economy of 
construction, and ease of management, and when combined with a 
good system of ventilation, such as is secured by an open tire in one 
or more apartments, the objections to them are in great measure 
removed. 

730. Heating by hot water, distributed in pipes, offers many 
advantages for the salutary and economical distribution of heat. The 
high specific heat of water (053), enables it to beat over three thousand 
times its own bulk of air in cooling through a single degree of tempe- 
rature. That is, one cubic foot of water, by cooling one degree, will 
raise the temperature of 3419 cubic feet of air a like amount; for 
0*2379 ; 1 — H 13*435 : 3419. In this proportion the specific heat of 
air is the first term, and the third term is the bulk of air equal to a 
unit weight of water. As hot water is usually distributed in cast-iron 
pipes, experiments have been made upon the rate of cooling of those 
pipes, which show that one foot in length of pipe four inches in diameter, 
will heat. 222 cubic feet of air one degree per minute, when the differ- 
ence between the temperature of the air and the pipe is 125°. Tho 
advantage of hot water as a means of heating, depends inudh on its 
high capacity for heat, and its slow rate of cooling, by which the tem- 
perature declines very slowly, after the fire is extinguished. 

For horticultural and manufacturing structures, nnd other buildings where 
largo pipes aro not an ohjoction, it has prominent claims. In private houses, 
where the hot water pipes occupy a chamber in the basement, and the air is 
heated by passing among them, all advantage of tho radiant heat is lost, and 
the apparatus becomes comparatively inefficient, and very costly, if a sufficient 
number of pipes are laid iu to do tho work. 

731. Perkins' high pressure hot water apparatus. — The system 
just tamed uses water at a very low pressure, ne v cr over six lbs. to the 
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•qaaro inch. Mr. Perkins has, however, patented a system, in which 
the hot water is distributed in very small iron pipes, under enormous 
pressure. 

The plan of this system is seen in fig. 515. A coil of pipe, S (1 inch outside, 
and J inch iusldc), is heated by the fire, /, The rising 
pipe, fff, is carried to the top of the circulation, 
and in each story or apartment, a coil, *•' c\ r c, dis- 
tributes the heat, the water returning by the descend- 
ing pipe, t' t't', as indicated by the arrows. At the 
highest point of the circulation is placed a ten inch 
pipe, called the 44 expansion-pipe.” fitted with a cock 
for the escape of air, aud the udtnissiun of water. A 
•ulheient void is left to accommodate the expansion 
of the water, which is about one-twelfth the whole 
bulk. Thus arranged, the temperature of the pipes 
can be raised to any required degree and in prac- 
tice it varies from :t00° to 550° — i. r , from about 75 
lbs. to about 075 lbs. to the square inch. No safety 
valve is used on this apparatus, and numerous ex 
plosions of the fire coil have happened with its u>e 
The high temperature of the pipes endangers build- 
ings, and gives to the air heated by it the einpyrcu- 
matie, burnt odor, which is so objectionable from 
cast-iron stoves. It is undoubtedly more cflicii ut 
than the low pressure hot water system. The sys- 
tem of high pressure mtvam pipes is very similar to 
this, and equally open to the objection of over-beat- 
ing the air, and endangering buildings from lire. 

73‘2. Gold’s steam heaters. — The radiators. — In this system, the 
heat is radiated from surfaces of japanned .sheet-iron, fastened together 
by rivets at the bottom of concave depressions in the outer sheet, as 
seen in tig. 51b. This arrangement 51 fi 

divides the whole steam spare into 
numerous communicating cells, as seen 
iu tin* cross section, I> ; the steam ar- 
rives from the boiler, fig. 517. under 
very low ^Pressure (one pound to tin- 
inch), by the inlet cock, A. and tin* air 
escapes at an outlet cock In tin* oppo- 
site corner above. The water of con- 
densation returns to the boiler by the same pipe that conveys tho 
steam, which is made sufficiently large for that purpose. 

These radiators are placed in the apartments to be heated, either singly or in 
groups of three or four, concealed under an ornamental screen and covered with 
marble. The heat, in thul case, is both radiant heat and heat of convection. 
The radiators may also be confined iu a space below thq apartments, and the 
air to he wanned passed through or among them, in which ease only heat of 
toareition reaches the apartments, as in the common hot-air furnaces. This 

44 
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system is economical of fuel, efficient for the most severe weather, and whet 
combined with a proper system of ventilation, entirely unexceptionable. It has _ 
the great merit of securing exactly the desired degree of heat just where it is 
wanted, however remote from the boiler, and is, by means of the air-co.sk, 
adjustable to any temperature. 

733. The boiler of Gold’s steam heater is perfectly automatic, 
and is a beautiful illustration of the ease with which bo powerful an 
agent as steam can he brought under entire self-control and rendered 
quite free from all danger. 

Fig. 617 is an elevation of this boiler, set for use in its masonry, A. The 
water rises in the tube, J, which is open to the air, to counterpoise the pressure, 
which is adjusted to one pound on the inch. J 517 

is therefore a hydrostatic balance. The lower 
ash door, C, being closed, no air has access to 
the fire except through the side vent, E. This 
closes by a conical cover at the end of a chain, 
as soon as the limit of pressure is reached, for 
then the lever, F, rises, by reason of the water 
pressing up tho elastic cover of F. A like ar- 
rangement, G, next opens the upper feed door, 

C; if the fire is not sufficiently held in check by 
F, C continues to open until sufficient cold r.,r 
enters the flues to reduce tho steam to its limit 
and hold it there. The safety valve, I, is like- 
wise under tho control of n similar arrangement, 

11, which comes into action after F and (j, if 
needed. K, K, are the stcam-pipcs leading to 
the radiators, and the smoke reaches the chimney 
by tho pipe, It. Such nice adjustments secure great economy of fuel, as the 
combustion cannot procoed faster than the demands of the radiators require. 

| 12. Sources of Heat. 

734. Souroes of heat. — Four great sources of heat may he named: — 

1. Mechanical sources . — The principal of these are friction, compres- 
sion, and percussion. 

2. Physical sources , of which the chief are solar radiation, stellar 
radiation, terrestrial radiation, and atmospheric electricity, 

3. Chemical sources , comprising chemical combinations, the chief of 
these boing combustion. 

4. Physiological sources , comprising the production of heat in living 
beings. This, according to views now generally received, is only an 
extension of the third head. 

I. MECHANICAL SOURCES OF HEAT. 

735. Friotlon. — When two bodies are rubbed together, heat »• 
generated by the friction of their surfaces. The supply of heat from 
this source is apparently unlimited. As the generation of heat u 
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an accompanied by any change in the calorific capacity of the bodies, 
and generally by no chemical action, it must be attributed to a mole* 
cul&r movement of the bodies excited by friction. 

736. Quantity of heat produced by friction. — The experiments 
of Joule show that the amount of heat developed by friction depends 
only on the amount of force exerted, and not upon the nature of the 
substances rubbed together. 

Count Rumford published in the Royal Philosophical Transactions, 17V8, the 
results of some of his experiments upon this subject. A brass cannon, weighing 
113 lbs., was revolved horizontally, at the rate* of 32 revolutions per minute, against 
a blunt steel borer with a pressure of 10,000 lhs. In half an hour the tempera- 
ture of the metal had risen from f»0° to 130° F. This heat would have been 
sufficient to raise the temperature of 5 lhs of water from 32° to 2 1*2°. In uunthci 
experiment, the cannon was placed in a vessel of water, and friction applied as 
before. In two hours and a half. 1S$ lhs. of water actually boiled. The heat 
generated in this ease was calculated by ltumford to be at least oipinl to that 
given out, during the same time, by the burning of 0 wax eiindlo, } inch i;» 
diameter, and each 245 grains in weight. A remarkable instance of t hi* excita- 
tion of heat b}’ friction is a (lorded by an experiment of Fir Humphrey lhny, in 
which two pieces of ice rubbed together in vacuo u( a temperature below 32° 
wore melted by the heat developed at the surfaces of contact. 

737. Circumstances which vary the quantity of heat de- 
veloped by friction. — The quantity of boat developed by friction 
depends, 1st, on the nature and Htute of the surfaces (138) ; lid, on tho 
pressure; 3d, on the velocity. 

738. Illustrations and application of the heat developed by 
friction are of frequent occurrence in common life. 

When a piece of steel is struck by u flint, particles of the metal are torn off, 
and are so intensely heated as to ignite in the uir. These heated particles fall- 
ing upon tinder or gunpowder cause it to burn. tfimilar sparks often fly off 
from the iron shoes of horses ns they strike a stone. In grinding knives and 
other instruments upon a dry grindstone, or upon an emery wheel, a brilliant 
train of sparks is produced. Among uncivilized nations fire is frcipicntly pro- 
duced by tho friction of pieces of wood against each other. Seneca relates tho 
same fact, and adds that it is necessary to employ particular species of wood ; as, 
laurel and ivy. 

Sufficient heat is caused by rubbing a match on a rough surface to ignite the 
phosphorus on its end. The axles of ear wheels, and other parts of maehirery, 
when not well greased, are sometimes heated sufficiently hot to cause the ignition 
•f the surrounding woodwork. It is by friction that the brown rings sometimes 
teen on wooden articles, turned in a lathe, are produced A pointed piece of 
wood is held Against the rapidly revolving article, the heat generated by the 
friction is sufficient to cause the wood to smoko and partially char it. 

In a few instances in this country the fall of water has been used to produoe 
friction, and thus develop beat. In the state of Vermont, plates of iron were 
rapidly revolved against each other, and, by the boat developed, the, mill was 
wanned. The thermogenic apparatus of Messrs. Rcnurnont and Mayor (Am. 
Tour. Sci. [2] XX., 261) is a most successful contrivance for converting motion 
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Into heat by means of friction, and where there is abundant and eheap water- 
power, may be of economical importance as a source of heat. 

739. Compression. — When any substance undergoes a diminution 
in volume, there is generally a development of heat. The evolution 
of heat by compression is most strikingly seen in gases which undergo 


» great diminution in volume by pressure. 

The condensing syringe, fig. 518, is an admirable 
instrument for showing the phenomenon referred to. 
It consists of a metal* or glass tube closed at one 
extremity. Into the other extremity fits tightly a 
piston which has a hit of tinder on its end. When 
the piston is forcibly driven into the cylinder, the 
compression of the air develops so much heat that 
the tiuder becomes ignited. 

Owing to the small compressibility of liquids, 
and their great capacity for heat, it is not easy to 
determine the heat developed in them by compres- 
sion. Messrs, ('olladon and Sturm have obtained, 
with certain liquids, at a pressure of 30 atmospheres, 
un elevation of temperature of as much as from 7° 
to 10° F. The heat generated by the compression 
of solids may better he considered as by percussion. 

740. Percussion is a combination of fric- 
tion and compression, and is an active me- 
chanical source of heat. The amount of heat 
developed by percussion seems to depend to a 
great extent on the diminution in bulk which 
the body struck undergoes. 

This is strikingly shown by an experiment of 
Borthollot, in which a piece of copper was sub- 


518 



inittcd to tho action of a stamping-press The greatest development of beat 
occurred with the first blow, where the metal underwent the greatest diminution 
in hulk, and diminished with the succeeding blows as did the amount of con- 
densation. 1 ho quantities of heat evolved at the first three strokes were 17°'3, 
7° 5, and l° U F. 


741. Capillarity. — Pouillet has shown that the simple act of moist* 
oning any dry substance is attended with a slight, yet constant, disen- 
gagement of heat. 

Pouillet operated on the powdered metals, the insoluble oxyds, glass, brick, 
clay, do. The liquids used were water, alcohol, ether, acetic acid, turpentine, Ac. 
The rise in temperature was only from 5° to 2° F. It appears to he independent 
of the nature of the body. Organic bodies of various kinds were operated upon ; 
as, flax, wool, silk, starch, wood, sponge, ivory, horn, Ac. : with these there is a 
rise in temperature of from 3° to 18° F. 

These results cannot be attributed to chemical action, for the different liquids 
produced the same heat when they were absorbed by the sauie porous body. 

The development of heat in these cases is attributed to the condense 
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don of the liquid on the surface of the solid which it moistens. It may 
also be due in part to the effect of the friction of the liquid molecules 
noon those of the solid, as they move into their position of equilibrium. 

II. PHYSICAL SOURCES OF HEAT. 

742. The sun is the most abundant source of heat to our globe. Its 
distance from the earth is 05,000,000 of miles. The diameter of the 
sun is about 888,000 miles, or about ill times that of the earth, con- 
sequently its volume is 1,400,000 times the earth's volume. The sun 
turns on its axis once in about 25 days. Philosophers are divided as 
to the cause of the immense amount of heat which escapes from this 
body. 

It is conjeeturod that there are three atmospheric strata about, tlu* sun. That 
nearest his surface is called the cloudy stratum. It is incapable of reflecting 
light, and is heavily loaded with vapors. The tioxt in elevation is thought to 
consist of an intensely luminous medium. To this is attributed the diflusbm of 
light and heat. Beyond this there probably exists a third envelope of n trans- 
parent gaseous nature. 

Dark spots are often seen on the sun's surface (by the aid of a telescope). 
These are of immense size, and often rapidly change their form One noted by 
Sir John Uersehel contained an area of *100,000,000 square miles. These spots 
are supposed to he formed by the opening and dispersion of the stratum of lumi- 
nous clouds, revealing the dark mass within. 

745. Quantity of heat emitted by the sun.—Pouillet, by means 
of an instrument called a pyrludiometer, bus made observations from 
which be estimated that the amount of heat annually received hy the 
earth from the sun, would be sufficient to melt a crust of ice surround- 
ing the earth 101 feet thick. The atmosphere absorbs nearly 40 per 
cent, of the heat of the sun’s rays. 

From the size of the earth, and its distance from the sun, it has been deter- 
mined that the entire amount of heat emitted hy the sun, is 2, .'5N 1,000,000 times 
as great as the heat which it gives to the earth; and it is cuimlatcd that the 
intensity of heat at the surface of (be sun, is seven times as great as the heat 
of an ordinary blast furnace. # 

The fixed stars, the suns of other systems, notwithstanding their great dis- 
tance, exert a very important influence upon the temperature of the earth. It 
has been estimated that they furnish to our earth four fifths as much heat, hr 
t'.ie bum ; and that, without this addition to the sun's heat, neither uuimul nor 
vegetable life could exist upon the earth. 

744. Extremes of natural temperature. — Captain Parry, in 1819, 
found at Melville Island, a temperature of — 59° F., and Captain Black, 
At Fort Reliance at 00° 40' N. latitude, observed a temperature of 
—70° F. Dr. Azariah Smith records the extreme heat at Mosul, West- 
ern Asia, in 1844, as 114° F. (Am. Jour. Sci. [2] ii., 75.) At Bagdad, 
in 1819, the thermometer rose to 120° F. in the shade, In the sun, at 
44 * 
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Mosul, near the site of the ancient Nineveh, Dr. Smith records the 
summer temperature at 146° F. This is probably the highest natural 
temperature authentically recorded. Thus, the extreme range of natural 
temperature observed is 206 o, 46 F. In this latitude, between summer 
and winter, there is often a difference of 110° F., and in the shade, 
comparing the temperature in the sun of summer, there would be an 
increase of at least 30°. 

745. Terrestrial radiation. — The heat which the earth receives 
from the sun, does not penetrate more than from 50 to 100 feet. At 
Paris, this stratum (called the first stratum of invariable temperature) 
is found at a depth of 86 feet. Descending into the earth, below the 
point of constant temperature, there is a gradual and regular increase 
of temperature. The amount of this increase is about 1°*8 for every 
hundred feet of descent. 

* 

Observations on this point have been extensively made in deep mines and 
Artesian wells, and always with a nearly constant result. The variations un- 
doubtedly arising from t be nature of tbo soil, and its conductibility for heat. 
Water from Artesian wells has always a higher temperature than surface water. 
Thus, the water arising io the Grenelle Artesian Well uear Paris, from a depth 
of about 2100 feet, has a temperature of 86° F. At Neusalzwerke, in Westpha- 
lia, is a well 2200 feet deep. The water rising from it has a temperature of 
91° F. Compare \ 204. 

Assuming the ratio given above for the increase in temperature as we descend 
into the earth, at the depth of two miles water would boil; at about. 23 : miles, 
or only ^ of the earth's radius, there would be a temperature of 2200° F. 
At this temperature cast-iron melts in the open air, and trap, basalt, obsidian, 
and somo other rocks, become perfectly fluid. But, as Pouillet observes, the. 
enormous compression produced by the weight of the upper strata resting upon 
the lower portions of the earth’s crust, raises the point of fusion, so that the 
point of perfect or partial fluidity is carried far lower than a direct ratio would 
give ; but, with due allowance for the effect of pressure upon the temperature 
of fusion, the thickness of the earth’s crust cannot be supposed to exceed one 
hundred miles. 

746. Origin of terrestrial heat. — Numerous theories have been 
advanced to accoun for terrestrial beat. Some attribute the heat to 
local chemical action. Thus, Boyle explained it by the decomposition 
of pyrites — a view no longer esteemed tenable. The belief in a cen- 
tral fire within the earth, now generally entertained, is found in the 
mythology of many nations, originating, most likely, in observation 
of volcanic fires. For evidence that the earth was once a fluid mass, 
see 91 and 102. This question is of the highest geological interest, 
and its discussion must be referred to treatises on that science. 

747. Atmospheric electricity. — Another source of heat is atmo 
spheric electricity, the origin of which is, at present, shrouded in mys- 
tery. The more usual form in which its calorific powers are presented 
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(o us, is seen in the effects of a powerful flash of lightnii g, which not 
un frequently fuses metals and earthy matter with which it comes in 
contact. 

III. CHEMICAL SOURCES OF HEAT. 

748. Chemical combination. — When two substances enter into 
chemical combination, there is generally an elevation of temperature, 
but sometimes also a depression. 

Where there is a slow and gradual chemical combination, the development cf 
heat cannot always be appreciated. The same amount of heat is developed aa 
if the combination took place quickly, but, being extended over a greater time, 
it is inappreciable at any single moment, and cannot be accurately measured. 

Chemical combination sometimes takes place nt the ordinary temperature; 
but it is often necessary to heat the bodies before they will unite. An example 
of the first class, is the mixture of sulphuric acid with water, or the slaking of 
burnt lime, — in both cases a large amount of heat is developed. As examples 
of the second class, are wood, sulphur, and phosphorus, which do not inflame 
at the ordinary temperature. 

749. Combustion. — When the heat developed by the ohftmical com* 
bination of two bodies produces luminosity, the bodies are said to bum, 
and the phenomenon is called combustion. If one of the bodies burning 
is solid, it is ealled fire; if gaseous, fame. As bodies are usually 
burned in the atmospheric air, the term combustion has come to be 
restricted, in a popular sense, to the union of bodies with oxygen, 
developing light and heat. 

In a chemical sense, however, the term combustion has a wider range, nnd 
refers, generally, to chemical union, even when the bodies combining together 
40 not evolve either light or sensible heat. Thus, iron slowly rusts or oxydir.es 
in the air, wood gradually decays; these, to the chemist, are ns truly oiisuh of 
combustion, as those more rapid combinations with oxygen, which are accom- 
panied by the splendid evolution of light and heat. 

750. On the cause of the heat generated by combustion, there 
is a great diversity of opinion. According to the dynamical theory of 
heat, it is the vibratory motion of the constituent atoms of the bodies, 
as they combine together, that produces the rise in temperature. 

When the state of aggregation of one or both of the bodies combining 
is changed, the heat which was latent becomes sensible ; or if there is 
a depression of temperature, as is sometimes the case, a portion of the 
sensible heat becomes latent. When there is no change in the state 
of aggregation of the bodies combining, it is explained by the specific 
heat of the compound being less or greater, according as there is a 
depression or elevation of temperature. 

751. The amount of heat developed by chemioal action, is of 
yreat practical importance, and has, for a long time, engaged the atten- 
tion of physicists, The first experiments upon this subject were tuado 
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in 1790, by Lavoisier and L&piace, by means of their ice calorimeter 
Count Rumford, in 1814, Welter, in 1822, and Despretz, in 1823, are 
among those who have contributed valuable researches upon this subject. 
Compare J 715. The most elaborate series of experiments upon this 
subject, was made by Favre and Silbermann, in 1844; a portion of 
their results is found below. 

The thermal unit is the heat necessary to raise a weight of water, 
equal to that of the combustible, one degree of the scale of Fahrenheit's 
thermometer. 

HEAT DEVELOPED BY BURNING DIFFERENT SUBSTANCES WITH OXYGEN. 


Nomas of substances. 

Formula. 

Quantity of heat emitted 
by one of the combustibles. 

Hydrogen 


62031 

! Oxyd of carbon .... 

CO 

4325 

| Marsh gas 

C a H 4 

23513 

Wood Charcoal .... 


14544 

Natural graphite . . • 


14006 

Diamond 


14184 

Sulphur 


4032 

Olefiant gas 

C,H, 

21344 

Good coal 


10800 

Sulphuric ether .... 

c 4 h.o 

16248 

| Wood spirit ..... 

C a H 4 O a 

9552 

Alcohol ....... 

C 4 H.O a 

12931 

Stearic acid ..... 

0*11*0, 

17676 

Acetic ether 


11326 

Beeswax 

18892 

Essence of turpentine . . 

0»Hn 

19533 

Dry wood 


6480 

i Peat 


4860 


The quantity of heat disengaged during the combtyg|£^~ 0 f an elementary 
body, is the same, whether it attains at once its mag^ u m of oxydation, or at a 
number of times. 

Thus, carbon disengages a certain amoun^ f heat a ur j n g its conversion into 
carbonic acid. The same amount of evolved when it is first converted 

Into carbonic oxyd and aflenrarda bn^ t0 conTert it int0 car bonic acid. 

752. The pyrometrlcal h^ ting effeot of a gnbstance. is th. 

intensity of the heat evolved!^ • j tg com bustion. Thie varies much 
with different substances, ^ en( j g no t on iy 0 n their composition, 
but also on their state ation The conclusions of an economic 

ebaracter derived from tfak 4 b ] ect> are ag follows 

1st. The pyrometrical hoof. „ of earhon is greater, and that of 
hydrogen smaller, than , any other comestible. 

2d The pyrometrical j^r of the ordinary fuels. 
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of carbon and hydrogen , is greater in proportion to the amount of carbon 
they contain. 

3d.. The pyrcmetrical heating powers of different fuels are much greater 
in oxygen than in air. Thus , between carbon and hydrogen burned in 
oxygen , there is a difference of 12,000° F., in air only 1500° F. 

753. Relative value of fuel. — In the following table is given the 
absolute, specific, and pyrometrical heating effects of different combus- 
tibles : — 


TABLE SHOWING THE HEATING EFFECTS OF DIFFERENT BODIES BURNED IN 

AIR. 



Absolute. 

Heating effect. 

Specific. 

: r:..-l 

Pyrometrical. ] 

Hydrogen 

0 23 

0 0077 

2000° 

Gaseous combustibles . . 

0*80—0 25 

0.00010— 0 00027 

1850-1150° 

Vegetable oils, Ac. . . . 

1-15 — 1 22 

0*30 


Sulphuric ether .... 

1*02 

0 21 


Wood 

036-0*47 

0 14— 0*28 

1575—1750° 

Peat 

0*37—0*65 


1575—2000° 

Lignite ....... 

0 43-0*85 


1800—2200° 

Bituminous ooal (5 p. e. 




water, 6 p. o. ash.) . . 

0-70— 0*96 

1*06—1.44 

2200—2350° 

Peat charcoal .... 

0.33—0*85 


2050—2350° 

Wood charcoal .... 

0*64—0*07 

0*10—0*20 

2100-2150° 

Coke (not more than 5 p. 

* 



e. ash.) 

084—0*07 

0*38—0*46 

2350-2450° 


Tho lighter woods burn more quickly, with a greater flame, and more intense 
beat than the more dense woods. The amount and intensity of the limit from 
the different fuels depends, to a great extent, on their state of drynoss. 


754. Combinations in the humid way. — Messrs. Hess, Andrews, 
and Graham have made important researches upon the heat evolved iu 
combinations in the humid way. Their principal results may be 
•ummed up as follows : — 

1st. Equivalents of the different acids combining with the same base , 
produce the same quantity of heat. 

2d. Equivalents of the different bases combining with the same act'd, 
produce different quantities of heat : generally the more energetic bases 
disengaging the most heat. 

3d. When a neutral salt is converted into an acid salt t there is no die 
engagement of heat. 

4th. When a neutral salt is converted into a basic salt , there is a dis- 
engagement of heat. 

755. Animal heat ; warm and oold-blooded animals. — The tern 
psrature of organized beings is seldom that of the medium which sur 
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rounds tbcm. There is within the living body a series oi chemioal 
actions taking place, and these are sources of heat. 

In warm-blooded animals, as the mammifers and birds, the beat produced at 
•ach instant compensates for that lost from the exterior, and thus the body is 
kept ata uniform temperature. In cold-blooded animals, as reptiles, fishes, and 
mollusca, heat is also generated, but so slowly, that their temperature is but a 
very few degrees above that of the surrounding medium, and often is only 
equal U it. 

75C . The cause of animal heat, it has long been conjectured, was 
the chemical action taking place within the body. 

Crawford appears to have been the first to advance. the doctrine that respira- 
tion was the cause of animal heat. Lavoisier supposed that the air underwent 
in the lungs a real combustion ; its oxygen combining with the carbon and 
hydrogen of the blood, forming carbonic acid and the vapor of water. The 
lungs, according to this view, were the furnaces, the arterial blood carrying 
the heat developed by the combustion into all parts of the body. This view of 
Lavoisier has been essentially modified. A new theory, founded upon the re- 
searches of jSpalhnmini ami Magnus, is now generally received. They deter- 
mined that the arterial blood contained a large quantity of oxygon, and the 
venous blood a large quantity of carbonic acid. It has been concluded that the 
venous blood reaches the lungs loaded with carbonic acid, which, by endosmose, 
traverses the humid walls of the pulmonary cells, ami pusses into the air. Car- 
bonic acid is thus exhaled, and oxygen is absorbed. Becoming then arterial 
blood, the blood is forced through the arteries into the capillaries of the differ- 
ent organs, where a more or less considerable combustion of carbon takeB place. 

It lias not. us yet been demonstrated, that the hydrogen of the blood combines 
with the oxygen of the air. Indeed, most physiologists think that the vapor 
of water exhaled in respiration, is simply an evaporation from the lungs. 

757. Temperature of vegetables. —As the plant is the seat of 
numerous chemical actions, so also it is a source of heat. The tem- 
perature of plants is, in general, from 0°*9 to 1 0, 1 higher than that of 
the surrounding air. In a few exceptional cases, &t is much higher. 
Thus, the Arum cardifolium of the Isle of France, ok ;|he time of bios* 
taming, roaches a temperature of 120 o, 2 F., while tl^t of the air is 
about 67°. Plants attain their highest and lowest temj^ratores some 
hours later than the maxima and minima of daily temperifcuire. 

i 13. Correlation of Physical Forces. \ 

I. MECHANICAL EQUIVALENT OF HEAT. 

758. Relations of heat and force. — It is well known that there is 
an intimate relation between heat and mechanical force, and that one 
may be exchanged for the other. A given quantity of one may be 
converted into a determinate quantity of the other, as is shown in the 
oase of the steam-engine, and in the production of heat by meehanioel 
means ({} *35-741). 



759. Unit of measurement, the foot-pound. — In the experiments 
upon the mechanical equivalent of heat, the unit adopted in England 
and in this country, is the foot-pound, or the mechanical force expended 
in raising a pound weight, one foot high (71*4). In France and other 
European countries, the unit adopted is the mechanical force expended 
in raising one kilogramme (2*2040 lbs.) one metre (39*37 in.) high. 

760. Determination of the mechanical equivalent of heat.— 
According to the Dynamical Theory of Ileat, the mechanical equivalent 
of heat is independent of the nature of the body by whose agency the 
transformation of mechanical force into heat is effected ; hence the samo 
result should be arrived at, whatever course of experiment is adopted. 
Mr. *1. P. Joule, of Manchester, England, has made the most exact 
determination of the mechanical equivalent of heat in a series of very 
careful and elaborate experiments, conducted between the years 1840 
and 1843.* lie determined the mechanical equivalent of heat in a 
number of ways, reversing the question, and determining the amount 
of heat produced by a certain expenditure of mechanical force. 

One method was by the compression of gases; compressing air with 
a great force in a copper receiver; in one series of experiments tilled 
with air only, and in another with water. The whole apparatus was 
placed in the water of a calorimeter, whose temperature, before and 
after the experiment, was carefully determined. 


The heat developed by the friction of water and of oil, was determined in an 
apparatus consisting of a brass paddle-wheel, fig 51th having revolving anna, 
b, ij, working between stationary vanes. v,f. This wheel 
was made to revolve by the descent of a known weight, 
and thus the mechanical force exerted was determined. A 
similar apparatus, of smaller size, and made of iron, was 
used for experiments on mercury. In all cases, the appa- 
ratus was placed in a metallic vessel filled with the liquid, 
and tho temperature noted before and After the experiment. 

In his experiments on the frictiou of solids, Mr. Joule 
used an apparatus consisting of a vertical axis, which 
earried a beveled cast-iron wheel, against which a fixed 
east-iron wheel was pressed by a lever. The whole was 
plunged in an iron vessel filled with mercury, the axis 
passing through a bole in the lid. In all of these experi- 
ments, the temperatures were noted by thermometers, which indicated a varia- 
tion of temperature of the one two-hundredth of a degree P. 



761. Results of Joule’s experiments. — In the following table are 
given the most important results obtained by Mr. Joule. The second 
column gives the results obtained in air, the third column, the same 
results corrected for a vacuum. 
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FORCE REQUIRED TO HEAT ONE POUND OF WATER 1° F. 


— 

> Material employed. 

Equivalent (in foot- 
pounds) iu air. 

Equivalent in 
vacuo. 

Mean. 

Water, . . . 


773 640 

772-692 


772*692 

Mercury, . . 

1 

773*762 

776 3*03 

772*814 

775-352 


774083 

Cast-iron, . . 

J 

776-907 
[ 774-880 

776 045 
773 930 J 


774-987 


Conclusions deduced from Joule's experiments. — 1. The qua** 

tity of heat produced by the friction of bodies is always proportional to 
the force employed. 

2. The quantity of heat capable of increasing the temperature of one 
pound of water ( weighed in vacuo , and between 55° and 60°) by 1° F. # 
requires , Jbr its evolution , the expenditure of a mechanical force repr * 
seated by the fall o f 772 lbs. through the space of one foot. 9 

Consequently a forco of one horse power (714) would raise 42 7 lbs. of water 
1° F. each minute, and would brio# it to boil from 60° in two and a half hours. 
Prof. Thomson (Phil. Mag., Feb. 1854) says, it is mathematically demonstrated 
from the dynamical theory of heat, that any substance may be heated 30° F- 
above the atmospheric temperature, by means of a properly contrived machiue 
driven by an agent, spending not more than one thirty-fifth of the energy of the 
bent column niruted, and that a corresponding machine, or the same machine 
worked backwards, may be employed to produce cooling effects. 

' When a laxly is heated by such means, of the heat is drawn from 
surrounding objects, and is produced by the action of the agent 

II. DYNAMICAL THEORY OF HEAT. 

702. The dynamical theory of heat, which rests upon the suppo- 
sition that heat is motion, or the result of motion, is founded upon tbs 
constant relation which exists between heat and mechanical force. 

763. Motions of the molecules — In this theory it is assumed 
that the particles of all bodies are in constant motion, and it is this 
motion which constitutes heat; the kind and quantity of the motion 
Yaryiug with the solid, liquid, or gaseous state of the body. 

Thus in nolid *, it may be assumed that tbo molecules are continually oscilla* 
ting about their position of equilibrium. This motion may be vibration of the 
constituent atoms of a molecule, or of the entire molecule, and may be rectilinear 
nr rotary. 

In liquid*, the molecules have no constant position of equilibrium, the repul- 
sive and attractive forces being nearly equalized. The movements of the liquid 
molecules may therefore be either vibratory, rotary, or progressive. 

in gnnm, the repulsive force predominating, the molecules move onward ft* 
Straight lines. 

764. Changes in the state or volume of bodies. — This view 
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eiplftib* tm production and consumption of heat, which accompany 
changes *f state or volume in bodies. The work performed is partly 
internal ana partly external. 

Thus when a solid is melted, there is an internal work, employed in changing 
the relative position of the molecules, and in consequence, an absorption of hoat 
proportional to the work accomplished. In evaporation there is an internal 
work, employed i*i separating the molecules, And an external work in overcoming 
the forces which oppose themselves to the expansion of the vapor. 

When, on the contrary, a gas or vapor is liquefied by compression, the external 
work is supplied, and tho internal work duo to the cohesive force which draws 
the atmosphere together, is transformed into heat. Again, when a liquid solidi- 
fies, the interuul work which uuites the molecules is transformed iuto heat, and 
appears as sensible heat. 

It is evident that this theory would modify the ideas generally rooeivod of the 
amount of boat in bodies. Thus the heat which is rendered latent, when a solid 
is liquefied, cannot be regarded simply as being insensible; it must bo consi- 
dered as being converted iuto motion. 

• III. ANALOGY OF UGIIT AND HEAT. 

765. Vibrations producing heat and light. — A careful conside- 
ration of the phenomena and laws of heat has led many able physicists 
to conclude that heat is not, as was formerly supposed, a fine imponder- 
able substance, but that, like light, it is a peculiar vibratory motion of 
the ultimate particles of bodies. The exact nature of the vibratory 
motion of atoms which constitutes heut is more difficult to determine. 

The polarization of heat is best explained, like the polarization of 
light, by the theory of transverse vibrations. On this theory : — Heat and 
light are different effects produced by one and the same cause , and they 
differ physically only in the rapidity and amplitude of their vibrations . 
While the phenomena of light are due to vibrations whose utmost range 
of velocity is comprehended within the limit of an octave in music 
j(53l), vibrations of less rapidity and greater amplitude produce heat, 
while the vibrations which produce light, also in their turn produco the 
phenomena of heat. 

766. ' Impressions of light and heat. — It is natural to admit that 
the more rapid vibrations of ether arc generally those which have the 
least amplitude. In fact this result is deduced from an examination of 
the spectrum, whicli presents a more feeble illumination in the blue and 
violet. It is the same with sounds. The more acute sounds have gene- 
rally the least intensity, while the bass notes arc more prolonged. As 
grave sounds have little intensity, because their amplitude is great, so 
with vibrations of the luminiferous ether, wc observe that the extrema 
red of the spectrum has but little brilliancy. 

Vibrations impressed upon the air by sonorous bodies may produce upon tit 
two torts of sensations ; the one perceived by a special organ, the ear, when the 
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vibrations are sufficiently rapid, the other affecting the entile surface of mu 
bodies, producing that general trembling which results from energetic vibra- 
tion i, as in the case of thunder or the roar of cannon. Only grave sounds cor- 
respond to vibrations of sufficient amplitude to produce this general effect, on 
the other band, vibrations of too great rapidity, and consequently too little 
amplitude, may fail to affect even the ear, as is the case with vibrations exceed* 
ing 36,500 per second, g 378. We may consider the same vibrations communicated 
to the ether by the molecules of luminous bodies as giving rise to two sorts of 
impressions ; the one peculiar to the organ of vision, the other affecting the whole 
surface of the body; the former constituting the impression of light, the other 
giving the impression of beat when the amplitude of the vibratious is sufficiently 
great. 

But the colored rays which pertain to the extreme violet of the spectrjm are 
produced by vibratious which are very rap d, and which consequently have very 
little amplitude. Such vibrations are not suited to produce the general effect 
which is denominated heat. But when the vibratory energy is feeble, as in the 
spectrum obtained from the electric light, there are more evident signs of bent 
in the violet portion of the spectrum. In genera), the less rapid vibrations found 
in the yellow, orange, and red, produce heat, and even beyond the extreme red, 
where the vibrations are too slow to produce light, the greater amplitude of the 
vibrations gives them groat, power to produce the phenoraenu of heat. Compare 
| 463. 

Afe'rlal vibratious of great, amplitude, and a moderate degree of rapidity, affect 
the entire system (386), and when less than 33 per second, they seldom produce 
the sensation of sound. So also if the vibrations exceed 3*’, 501) per second, their 
amplitude is so small thut no audible sound is produced. 

The gradual weakening of the violet tint of the spectrum, and the existence 
of invisible rays beyond the extreme violet, as attested by chemical action and 
fluorescence, jjg 463, 533, prove the same thing in regard to light, lleat and 
light may therefore be regarded as different effects of the same cause. 

707. Bodies become luminous by incandescence. — When a 
body is heated, the source of heat first communicates vibrations to the 
ether, and then to the molecules of the body. The vibrating molecules 
in turn react upon the ether, and excite undulations of different lengths ; 
the longer vibrations corresponding to the calorific rays of least refruii* 
gibility, will have a greater amplitude, and will be the first to become 
sensible as light. 

Melloni discovered that the heat rays, emitted by bodies of low temperature, 
are but little refracted by a prism of rock-salt, but as the heat of the body 
becomes more intense, and the amplitude of all the vibrations may be consi- 
dered greater, the rays of heat arc? more refracted, the more refrangible r»vs 
appear as light, and the body becomes luminous. This result takes place at the 
temperature of about. 917° Pahreuheit, whatever be the nature of the luminous 
Substance. Draper formed a spectrum by mcaus of light from a narrow opuuing, 
and examinod with a lens And micrometer the positions of the dark lines of 
Frauuhofor (461). He afterwards employed, instead of the narrow opening, a 
platinum wire, the temperature of which he caused to vary by means <f an electriu 
current. inor> or less intense, and be found that the red part, if the spectrum 
appeared first, and as the heat and brilliancy of the wire increased, the othef 
solars of the spectrum successively appeared up to the violet This result is la 
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beautiful harmony with tho theory stated above. Couiumu < Wervati u aUo 
•hows that a heated body becomes first red, then yellow, purple, and ut length 
a full white heat Compare \ 17$. 

753. Heat and light produced by chemical and mechanioal 
action. — It is easy to understand that, in the molecular conflict which 
constitutes chemical action, the ether around the molecules will ho 
violently agitated, and become the seat of undulations of different 
rapidity. If the chemical action is weak, the vibrations will be slow, 
and they will have only sufficient amplitude to he sensible, and it has 
been observed that the heat thus produced furnishes rays more and 
more refrangible ns the chemical action becomes more active. When 
this action becomes sufficiently energetic to give to the more fnpid 
vibrations a sufficient amplitude, light accompanies the heat. 

Experiments show that the color of the luminous rays depends upon tho nature 
of the substance from which they proceed, and it is also probable that tho tem- 
perature at which light begins to appear, depends also on the nature of the 
substance or the color which it gives forth. We can easily understand that the 
nature of the molecules will affect the rapidity of the vibrations, and we limy 
presume that, if it were possible to augment gradually the energy of (he chemi- 
cal action, we should find the temperature ut which light lo gins to appear is 
more elevated in proportion as the color of the light which the substance u third* 
approaches to white or violet- This conjecture is con finned by the fact that the 
incandescence due to chemical action, when it is feeble, gives forth red light. 

In iHfrhnnicaf the vibrating molecule* impress upon the ether vibra- 

tions of different rapidity, and when the uctioii is sufficiently violent, as in the 
chock of two flints, or in the sudden compression of a gas, light is emitted i|i 
connection with the heat. Here, again, if we could graduate the intensity of the 
actiuu, wc ought to obtain a color approaching more nearly to white as tho me- 
chanical action is more energetic. 

We thus sec how the effects which heat and light exercise upon bodies cun bo 
explained hy tho theory of undulations. 

The phenomena of heat in the interior of bodies are more difficult to compre- 
hend, and it is impossible to explain them hy the system of emission; hut by 
compuriug them with other effects in elastic bodies, they are readily explained 
by the theory of undulations. 

709. Dilatation and change of state. — The heat received hy a 
body agitates the ether; this agitation is communicated to the mole* 
cules, and the volume of the body is increased in proportion as the 
amplitude of the oscillation of the molecules becomes greater. It is 
thus that bodies which vibrate longitudinally appear larger, and a 
vibrating cord appears swollen. In the same manner, obstacles opposed 
to vibrating parts become repelled, if they are so light as not to arrest 
the vibrations 

This explanation leads us to a very simple and clear definition of 
temperature : — Temperature consists in the vibratory state of the dhm 
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scithin the body, and its intensity depends upon the amplitude of the 
vibrations. 

The theory of changes of temperature is naturally explained by the tendon^ 
to establish an equilibrium between the amplitude of the vibrations of todies 
Dear each other, through the medium of the ether which fills the space that 
separates them. The molecules of bodies should, therefore, be considered as in 
a perpetual state of agitation. There can, then, be no abeolute zero only where 
there is a state of perfect repone. 

The only difficulty in admitting the existence of such a state, is the fact that 
aelestial space is cortninly filled with agitation by the transmission, in every 
possible direction, of the different radiations which emanate from the multitude 
of stars which people space. 

Change of state produced by heat. — If the motion of the mole* 
cules is sufficiently energetic, they leap out, as it were, from each other, 
and become independent, as a glass rod vibrating rapidly in the direc- 
tion of its length, is divided into many pieces. We thus explain the 
phenomena of fusion. 

If wo revert to the theory of the inochanical equivalent of heat, wo can under* 
Stand how the conversion of heat into mechanical work, and vice verea, is a 
direct consequence of the preceding ; for, according to this theory, heat is a 
species of motion, and the work which produces this motion of the ether, ought 
to he changed into vibrations of this latter sort ; that is, it should be transformed 
into heat. 

It is the same with the mechanical work developed by a vibrating body. The 
work represented is that which has Iwcn expended in putting it into vibration. 
The heat developed in moving bodies, by electro-dynamic induction, and the 
work which it represents, are all related to the same theory. 

770. Quality of heat changed by absorption and radiation. — 

In all experiment# upon radiant beat, it has been observed, that heat, 
one© absorbed, retains none of the peculiarities of the Bource from 
which it was derived ; but its refrangibility and other properties, when 
again radiated, depend only on its temperature, and the nature of the 
body from which it is again emitted. 

Heat, transmitted through diathermauous bodies, appears to be sifted, or to 
leave behind some of those rays which are transmitted with difficulty through 
that substance ; so that a larger percentage of the remaining heat will be trans- 
mitted through another similar screen. 

Even rock-salt, generally considered colorless for heat (646), has been fourd, 
by the later researches of Prof. Forbes, to transmit a somewhat greater proper* 
tion of heat of high temperature than of heat of low temperature. 

It is well known that heat of great refrangibility, or small wave-length, passes 
more readily through glass and mica than heat having the opposite qualities. 
Tho difficulty with which heat radiated by rock-salt penetrates these substances, 
as compared with ordiuarv heat, would lead us to infer that heat from rock-salt 
baa a greater wave-length than ordinary heat radiated from lampblack.* 

* See an able article ot radiant heat, by B. Stewart, Esq., in the Ti 
Royal Sof . of Edinburgh, Vol. XXII., part I. 



771. Difference between qnantity and intensity of beat.— 

Another curious fait connected with this subject is, that »:> u mount of 
lieat of low temperature can be so applied to an object os to ruise it to 
a higher temperature than that of the source from which the heat ema- 
nated. Thus, the heat of the sun, when absorbed by a blackened wall, 
and radiated, cannot be again raised to the intensity mjuisite to ignite 
ordinary combustible substances, which arc readily ignited by the direct 
rays of the sun concentrated by a burning-glass. 

The same degradation of heat, or loss of intensity, is observed in condensing 
•team in distillation. The whole heat of the steam, both latent and sensible, is 
transferred without loss to perhaps fifteen times as much condensing water; but 
the intensity of the heat is reduced from 212° to perhaps 100 ' F. The heat is 
not lost; for the fifteen parts of water at 100° are capable of melting as much 
ice as the origiual steam, hut by no quantity of this heat at too can tem- 
perature be raised above that degree; uo moans are known of giving it inten- 
sity. 

If heat of low, is ever cb&ngod into boat of high intensity, it is by mechani- 
cal means, as by the compression of gases or vapors to a smaller volume, when 
the temperature is elevated ; but this is rather the conversion of muehaniea! 
force into heat, than the elevation of the intensity of heat previously existing 
as such. Graham's Chemistry, Vol. I., p. 100. 

It is stated that Dr. Wollaston received the henm of the full moon, concen- 
trated by a powerful lens, in his eye, without feeling the least lieat. Mellon! 
obtained only an extremely feeble indication of bent, by concentrating the rays 
of the moon by a lens over three feet in diameter, and directing tin* brilliant 
focus of light upon the face of a very sensitive thermo multiplier, 'lliis may 
merely show that the heat reflected <>r radiated by the moon, 1ms become beat of 
too low intensity to pass through a glass lens, or to warm bodies at. the ordinary 
terrestrial temperature. 

All these phenomena are more readily explained on the undulutory theory, 
than by the theory of emission. 

772. Conclusion. — We conclude, from wliat has been stated, that 
the theory of undulations, which so completely explains tin? phenomena 
of heat and light, as well as the different sensations produced upon our 
organs by the two sorts of radiations, may also enable ns to compute, 
with a little uncertainty in some cases, the different effects which heat 
and light exercise upon bodies. We see that beat ami light are due to 
the same cause, to ethereal vibrations ; and that the nurne vibrations also 
pro luce the tw, sorts of effects when their amplitude is sufficient, and 
their rapidity comprised between certain limits. 

It remains only to explain, by those movements of the ether, the numerous 
and complex phenomena which are presented to us by electricity. 

It is possible that these effects are produced by either longitudinal or rotary 
vibrations, which accompany the transverse vibratious corresponding to light 
and heat. 

But, while it is very easy to understand the facts relative to the propagation 
•f electricity, it is somewhat difficult to conceive how vibratory movemouti 
46* 
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produce attraction and repulsion. We ought not to regard this difficulty at 
insurmountable, especially when we remember that polarization was, for a long 
timo, considered inconsistent with ethereal vibrations, until the idea of trans- 
verse vibrations dissipated the objection, and gave new clearness to the whole 
series of phenomena. 

If this difficulty were once conquered, there would appear a possibility of 
uniting to the system of ethereal vibrations, the grand phenomena of universal 
gravitation, which has been attempted hitherto without success. 

But, when all the phenomena of nature, in their infinite variety, are reduced 
to one and the same cause, wonderful simplicity will be joined to the idea which 
we form of the power and majesty of the Great Author of all things. 

To bring the detailed study and interpretation of facts to prove this grand 
unity of cause, is the mission which science should propose to herself at the 
present day. 

This close correlation of physical forces, is in harmony with recent 
philosophical views entertained by many of the first Physicists of our 
time, but by no one more felicitously expounded than by Prof. Grove.* 

A full and satisfactory discussion of this subject will bo found in the 
excellent Traitb de Physique of Daguin (Vol. III., 1859), from which 
the foregoing is condensed. 


Problems on Heat. 

Thermometers. 

209. What number of Centigrade and Reaumur degrees correspond to the fol 


lowing temperatures in Fahrenheit's degi 
Melting-point of mercury, 

44 “ bromine, 

44 44 white wax, 

44 “ sodium, 

“ 44 tin, . 

44 44 antimony , 

Incipient rod heat, 

Clear cherry- red heat . 

Dazzling white heat, 


•ees ? 


— 40° F. 
— 4 
+158 
194 
442*4 
771-8 
977 
1,832 
9,732 


210. llow many Fahronhoit aud Reaumur degrees correspond to the following 
temperatures in Centigrade degrees ? 

Temperature of maximum density of water, . . -f-3°*87 


Boiling-point of liquid ammonia, 

. —40 

•* <t 

sulphurous acid, 

. . . —10 

<• a 

alcohol, 

• • . -}-75 

t* *t 

phosphorus, 

. . . 290 

it it 

mercury, 

. . . 360 


211. How- many times must the capacity of the bulb of a thermometer exoeea 
the capacity of the tube, in order that the thermometer may measure tempera* 
lures from 40° below zero to 500° F. ? 


• The Correlation of Physical Forces: pp. 229. London, ISM. 
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Expansion. 

212. If rods of the following substances, iron, brass, copper, glass, platinum, 
silver, measure each 3 feet 2 inches in length at the temperature of 50° F., what 
will be their respective lengths at temperatures of 10°, 26°, 75°, and 100 c F. ? 

213. If a glass globe holds exactly one gallon at f»0° F., what will bo its ca- 
pacity if measured at the temperature of boiling water? 

21 1. If a railroad is constructed in winter, when the average temperature If 
25° F., how far apart must the ends of the iron rails, 18 feet long, be laid to 
allow sufficient room for expansion at the temperature of 120° F. ? 

215. W hat change of temperature is required to produce an elongation of 3 
Inches in a portion of the Britannia tubular bridge (jj 172), 917 (bet In length? 

216. Gas-pipes, laid 3 feet below the surface of the earth, are exposed to a 
change of temperature of 60° F., from summer to winter; what is the extent to 
which the joints (10 feet apart) will be opened In winter, if the strain Is equally 
divided amon^ the several joints? 

217. Calculate the lengths of the steel and brass rods required to adapt Harri- 
son's gridiron pendulum to vibrate seconds at the following places: London, 
Paris, New York, and St. Petershurgh. 


218. Reduce the following heights of the barometer, observed at the annexed 
temperatures, to the equivalent heights at the freexing-point: — 


1 . 

301 in. 

t 40° F. 

5. 

23 2 in. 

t — 60° F. 

2. 

29 4 “ 

t mm 25° 

6. 

24-7 " 

1 MM 80° 

3. 

27 9 « 

t mat 65° 

7. 

17*4 •« 

r™ 19° 

4. 

28 3 “ 

75° 

8. 

15 8 “ 

t 10° 


219. Reduce the following barometric observations made at 8° C., to tho tern* 
peraturc* indicated by the values of t, given below 

1. 24 in. reduce to t ■=, 30° C. 3. 28*5 in. reduce to I **• 65° C. 

2. 27-5 “ “ “ /*~25° 4. 10 5 “ «• " r ~ 19° 

220. A sphere of brass, 3 ir.cbes in diameter, immersed in water, is suspended 
from tho pan of a hydrostatic balance, and counterpoised at the temperature of 
60° F. What weight will be required to restore tho equilibrium when tho tem- 
perature <rf tho water and globe is raised to 200° F. ? 

221. To what temperatures must an open vessel be heated, the pressure re- 
maining constant, that 1, $, and | of the air it originally contained, may bo 
successively driven out of it ? 

222. A balloon containing 1000 cubic feet of gas at 80° F., and 29 Inches 
barometric pressure, rises to a position where the thermometer stands at 40°, 
and the barometer at 22 inches. Calculate the volume of the gas, supposing 
?he capacity of the balloon to allow it to expand freely. 

Specific Heat. 

223. Ilow much heat is required to raise the temperature of 


50 lbs. of water 

from 40° F. 

to 150°? 

24 “ u sulphur. 

" 63° 

“ 212°? 

45 “ ** charcoal, 

“ 45° 

“ 930® r 

25 “ “ alcohol, 

" 35° 

" 65° ? 

11 “ u ether, 

“ 5° 

“ 132°? 


224. The following quantities of water were mixed together, — 2 lbs. of water 
at 40° F. ; 5 lbs. at 65°; 7 lbs. at 70° ; and 3 lbs. at 90°. What was the tempera- 
ture of the mixture? 

225. How much water at 200° F., and how much water at 60°, must be mixed 
together in order to obtain 20 lbs. of water at 86° ? 
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220. Equal volumes of mercury at 212° F, and water at 32°, are mixed t oge. 
tber. What is the temperature of the mixture* 

227. What temperature will be produced bj mixing equal volumes of mercuiy 
at 32° F., and water at 212° f 

228. Five pounds of ico at 32'\ are mixed with 7 lbs. of water at 200° F, 
What will be the temperature of the mixture after the ice is melted ? 

229. How much ice at 32°, must be mixed with 100 lbs. of water at 50 c F., i M 
order to reduce the temperature of the mixture to 35° F. ? 

230. How much ice at 32'\ is required to cool 10 lbs. of mercury at 300°, to 
the freezing-point of water ? 

231. In order to determine the heat of fusion of lead. 200 ounces of melted 
lead at the meltiug-point were poured into 1850 ounces of water at 50° F. After 
the lead had cooled, the water was found at 20°-76 Centigrade. Required the 
kea£bf fusion of lead in degrees Fahrenheit. 

232. How much beat is required to raise the temperature of a cubic foot each 
of air, oxygen, carbonic acid, and hydrogen from 32° F. to 75°. if the gas is 
allowed to expand freely, and the barometer remains stationary at 30 inches? 

233. In a room 20 by 30 feet, aud 10 feet high, the barometer standing at 30 
inches, how many units of heat are required to raise the temperature of the air 
from 40'’ F to 75° ? 

234. In the last example, how many units of heat are expended in expanding 
the air of the room ? 

Tension of Vapors. 

235. Before filling a barometer with mercury, a small quantity of water was 
poured into the tube. How high will the mercury stand in the barometer when 
the temperature is 75° F. f and the pressure of the air is 29 inches in an accu- 
rate barometer ? 

236. Solve the last problem, assuming, first, that alcohol, secondly, that sul- 
phuric acid, and thirdly, that oil of turpentine were used instead of wuter. 

237 Calculate the tension of the vapor of water at the following temperatures : 
60°, 75°, 110°, 175°, 220°, 265 \ and 300° F. 

238. Determine the boiling-point of water, ether, and alcohol at the following 
pressures : 31 in , 29-75 in., 29*21 in., 28 in., 27 4 in., 23*7 in. 

239. A cylinder is filled with steam at a temperature of 250° F , and a pres- 
sure of two atmospheres. What will he thu tension of the vapor if its volume 
is diminished one-hulf by pushiug down the piston ? What will he the tension 
of the vapor if it. is allowed to expand to twice its former volume ? 

240. If a cubic inch of water is hermetically scaled in a bomb-shell, capable 
of holding 200 cubic inches, and strong enough to sustain a pressure of 450 lbs. 
to the square inch ; what temperature is required to burst the bomb-shell? 

Ventilation and Warming. 

241. How many flues, each six by twelve inches, and fifty feet high, are re- 
quired to ventilate a lecture-room seating 1200 persons, when the temperature 
of tho room is 70° F., and the external air at 30°, allowing each person throe 
and a half cubic feet of fresh air per minute ? 

242. Repeat the calculations of the last problem, on the supposition that 1500 
peraona are in the room, and make additional allowance for illumination by 50 
gas burners, consuming each 3} cubic feet of gas per hour, at an expenditure 
ef 20 feet of air for every cubic foot of gas consumed. 
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CHAPTER III. 

ELECTRICITY. 

773. General statement. — Electricity is conveniently subdivided 
iut' 1. Magnetic electricity or magnetism ; 2. Statical or frio||^ial 
electricity; and, 3. Dynamical or Voltaic electricity. Wo will consider 
the subject in this order. 

) 1. Magnetic Electricity. 

I. PROPERTIES OP II AO NETS. 

774. Lodestone — natural magnets. — There is found in nnture an 
ore of iron, called by mineralogists magnetite, or magnetic iron, some 
specimens of which possess the power of attracting to themselves small 
fragments of a like kind, or of metallic iron. This power has been 
called magnetism, from the name of the ancient city of Magnesia, in 
Lvdia (Asia Minor), near which the ore spoken of was first found. It 
crystallizes in forms of the monotnetric system, often modified octo- 
hedra, like fig. 520, and is a compound of one equivalent 620 

of peroxyd of iron with one of protoxyd. (KeO -{- Fe„0, 
v-s Fc g O«.) It is one of the best ores of thin valuable 
metal. 

Formerly all magnets wero lodestonos, or natural mag- 
nets. A fragment of this ore rolled in iron filings or mag- 
netic sand, becomes tufted, as in fig. 521, not alike in all pnrts, but 
chiefly at the ends. Fig. 522 shows a similar mass imunted in a 
frame, ll % with poles, pp' t of soft iron. 621 622 

Thus mounted, the lodestone gains in 
strength, by sustaining a weight from 
the hook below, on a soft iron cross-bar. 

775. Artificial magnets are made 
by touch or influence from a lodestone, 
or from another magnet, or by an elec- 
trical current. Hardened steel is found to retain this influence permit 
nently, while masses of soft iron become magnets only when in contact 
with, or within a certain distance of u permanent magnet. Artificial 
magnets are more powerful than the lodesto ne, and possess properties 
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entirely identical with it. Magnets attract at all distances, but theif 
power increases, like all forces acting from a centre, inversely as the 
square of the distance. Heat diminishes the power of magnets, but if 
not heated beyond a certain degree (full redness), this power returns 
on cooling, and is increased at lower temperatures. Above that point, 
the coercitive force is destroyed, and they lose all magnetic power. 

Various forms are given to magpets. The bar magnet is a simple straight bar 
of hardened steel. If curved so as to bring the ends near together, it is called 
a hone ehoe magnet, and if several bars, straight or curved, are bound together 
kato one, fig. 523, it is called a compound magnet, or magnetic battery- The 



most powerful artificial magnet.* ran sustain only about twenty-eight or thirty 
times their own weight. Usually they sustain very much less than this. 

Magnetic needles are light bur.-, tig. .'ilN, suspended on a central point 
so as to move in obedience to terrestrial or artificial at- 
tractions. The mode of making magnets, and the circum- 
stances influencing their power, are noticed hereafter. 

770. Distribution of the magnetic force — 
polarity. — The magnetic force is not equally dis- 
tributed in all parts of a magnet, but is found con- 
centrated chiefly about the ends, and diminishing 
toward the centre, which is neutral. The points of greatest attraction 
are called poles. When a magnet is rolled in iron tilings or magnetic 
sand, the position of the poles is seen as in the bar magnet, fig. 525, 

525 



whose centre is found to be quite devoid of the attracted particles which 
cluster about the ends. The point of no attraction is called the neutral 
point — line of magnetic indifference, or equator of magnetism. Every 
magnet has at least two poles, and one neutral point. The magnetic 
polos are distinguished ns N or S, Austral or Boreal (A and B), or by 
the signs, plus (-{-) and minus ( — ), all these signs huviug reference to 
the earth's attraction, and to the antagonism between the poles of unlike 
name. The law regulating the distribution of magnetic force in a ha*. 
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wm determined by Coulomb, by means of the torsion balance, 1 820, 
to be very nearly as the squares of the distance of any Riven point, 
from the magnetic equator or neutral point. 

777. Magnetio phantom — magnetic carves. — The distribution 
of the magnetic force about the poles of a magnet is beautifully shown 
by placing a sheet of stiff paper over the poles of a horse-shoe magnet, 
and scattering fine iron filings or magnetic sand from a sieve or gauxe 
bag over the paper. As they touch tTie surface of the paper, each 
tiling assumes a certain position, marking the exact plni.e of the mag* 
netic poles and of the neutral line, as seen in fig. 526. The magnet 
may bo laid horizontally, or a sories of magnetic bars may bo |^ood 
us in fig. 532, producing very pleasing and instructive results. Tupping 



(lie edge of the paper gently with the nail, or a pen-stick, facilitates 
the adjustment of the tilings. The curves exhibited by the magnetic 
phantom have been mathematically investigated by I)e Iluldut, who lor 
that purpose transferred them to a glued paper. 

To fix tin; carves, Nick 16s uses a waxed paper, and when the figures are pro- 
dueed, they may he fixed in position by holding a heated plate of iron near the 
surface of the paper. As soon as the wax is fused, which is easily perceived by 
its shining appearance, the source of heat is withdrawn, and as the wax cools 
the filii become fixed in position und iu full relief. (Am. Jour. Sei [2] XXX. 
fit*.) The curves may then be more conveniently studied. 

778. Magnetic figures may be produced on the surface of a thin 
steel plate, by marking on it with one pole of a bar magnet. Magnetism 
h thus produced in the steel along the line of contact, which is after* 
wards made evident hy magnetic sand, or iron filings sprinkled on the 
nlatc. These lines may be varied or multiplied at pleasure, with 
pleasing effects ; their polarity is always the reverse of that carried by 
the bar. They may be made even through paper or card-hoard, and 
will remain for a long time. Blows, or heat, will remove them. Hard 
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plate steel is best for this purpose, about one-twentieth to one-eighth of 
an inch thick, and six inches to twelve inches square. 

779. Anomalous magnets are such as have more than two poles. 

Thus the bar seen in fig. 527 has a pair of similar poles ( — ), at the 
centre, and its ends are con- 527 

sequently similar (-}-), while it 
has two neutral points at a and 
;. Fig. 528 shows a bar with* 
three sets of poles, arranged 528 

alternately — and -}-, with throe neutral points at m, o, and n. Broken 
at thejtt neutral points, every magnet becomes two or more separate 
magnets, with corresponding polarity. 

780. Attraction and repulsion. — The law of magnetic attraction 
and repulsion is, that like poles repel % and utilike poles attract each other . 

If a piece of soft iron is presented to either pole of a magnetic needle, fig. 
524, there Is attraction, which is reciprocal between the needle and the iron ; for 
If the iron is suspended, and the needle approached to it, the iron is attracted 
by either end of the needle. If, however, a magnet is approached to the needle, 
-f- to — , there is attraction ; if — to — or -|~ to -}-, there is repulsion. 

If the unlike polej of two equal magnetic bars, tufted with iron filings, are 
approached, the tufts join in a festoon ; but if the poles are of tbo same name, 
jiost of the filings fall. For the same reason, if a magnetic bor f B, fig. 529, is 

529 




•lid upon another bar, A, of equal power to B, as the two opposite ends approach 
each other, the key, previously suspended, falls, because the two bars mutually 
neutralise each other by the opposing aetion of the austral and boreal magnetism. 

781. Magnetism by contact. — When a mass of iron, or of any 
magnetizable body, is placed in contact with a magnet, it receives mag- 
netism throughout its mass, and of the same name as the pole w T ith 
which it is in contact. Thus, in fig. 530, the soft iron key is sustained 
by the north pole of a magnetic bar ; a second key, a nail, a tack, and 
acme iron filings, are, in succevssion, also sustained, by the magnetism 
imparted by contact from the bar magnet through the soft iron. Thu 
•eries of soft iron rings, in fig. 531, is sustained from the bar magnet 
under the same conditions of polarity. Tested by a delicate neetlle. 
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»very part of the sustained masses will manifest only mrth polarity, and 
we may regard them as only prolongations of the original pole. This is 
analogous to electrical conduction. 

Pure soft iron receives magnetism sooner and more power- 
fully than steel or cast irou, and also parts with it sooner. 
Hardened steel and hard cast iron retain more or less of the 
magnetic force permanently. No other metals beside iron, 
nickel, cobalt, and possibly manganese, can recoivo and retain 
magnetism by contact. 631 

These are, therefore, 
called the magnetic 
metals. 

782. Magnetism in 
bodies not ferrugin- 
ous. — Beside the mag* 
netio metals, so called, 

Cavallo has shown th~t 
the alloy, brass, becomes 
magnetic (slightly) by 
hammering, but loses 
that property again by heat. Some minerals are magnetic, particu- 
larly when they have been heated. The pure earths, and even silica, 
are found to have the same property. In the case of silica, and some 
other minerals containing oxyd of iron in combination, this is not so 
surprising. M. Biot determined in the case of two specimens of mica, 
one from Siberia (muscovite), and the other from Zinnwald (lithia mica), 
that their magnetic powers were (by the method of oscillations) as 0*8 
to 20, and he remarked, if the oxyd of iron be the cause of their magnetic 
virtue, it should exist in the minerals in the above proportion ; and curi- 
ously enough, the result of Vauquelin's analyses (then unknown to M. 
Biot) corresponded, almost exactly, to theso numbers. 

Some states of chemical combination, however, appear to destroy, or cicak, 
the magnetic virtues of iron; r. «/ an alloy of iron, one part, with antinn ny 
four parts, was found l»y Seebcck t«» be utterly devoid of magnetic action ; and the 
magnetic power of nickel is entirely concealed in the alloy called (lor man silver. 

The researches of Faraday have shown matter of all kinds to HTj subject to a 
certain modified degree of influence by magnetism ($ l)iamnynr.ii*M). 

II. MAGNETIC INDUCTION OH INFLUENCE. 

783. Induction. — Every magnet is surrounded by a sphere of mag- 
netic influence, which has been called its magnetic atmosphere. Every 
magnetizable substance within this influence becomes magnetic also 
(without contact), the parts contiguous to the magnet pole, having an 

46 
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opposite, end those remote from it, a similar name. This influence is 
called induction. 

Thus, In fig. 532, the north end of a bar magnet induces south polarity in tha 
contiguous ends of the fire bars surrounding it, and north polarity rt their 
remote ends. If these bars are of hardened steel, they 532 

will retain a small portion of the magnetic force induced 
from a powerful bar, but if they ore of soft iron, they 
will part with their magnetism as soon as the source 
of excitation is withdrawn. Iu this case, the magnetized 
bars have a tendency to move up to the magnet, and are ( 
prevented from doing so only by friction and gravity. < 

The attraction is reciprocal, and we hence infer that 
there is induction in every case of magnetic attraction. 

In the iron filings, arranged in magnetio curves, fig. 

626, on a glass plate, or card-board, the same tendency 
is observed. 

Small pieces of soft iron wire suspended from the ends of a thread neitr. nnd 
parallel to each other, when approuchcd by a bar magnet, receive induced mag- 
netism, tbo further cuds diverging by mutual repulsion. Two sewing-needles 
thus suspended and influenced, become permanent magnets. 

The ingenuity of the teacher will furnish many pleasing and instructive illus- 
trations of magnetic induction. 



784. Theoretical considerations. — The real nature of the magnetic 
force is unknown to us ; but the analogies offered by eleetro-umgnetisin 
and magneto-electricity, lead to the conviction that it is one mode 
of electrical excitement. Unlike light, heat, and statical electricity, 
magnetism affords no phenomena immediately addressed to the senses. 
It is distinguished from statical electricity chiefly by its permanent 
character when once excited, and by the very limited number of sub- 
stances capable of receiving and manifesting it. 

785. Theory of two fluids. — It limy be assumed that there are two 
magnetic or electrical fluids (the Boreal or positive, and the Austral or 
negative), which arc in a state of equilibrium or combination in all 
bodies ; that in iron, nickel, Ac., these two forces are capable of sepa- 
ration, by virtue of the inductive influence of the earth, or of another 
magnet, while, in other bodies, this permanent separation cannot be 
3 fleeted. The two magnetic forces are never seen isolated from each 
other, but .are always united in one bar. Ilcnec, we cannot have a 
boreal magnet, or an austral magnet, as we may in statical electricity 
produce, at pleasure, vitreous or resinous excitement over the whole 
surface of a body. Both poles must coexist in every magnet. If we 
break a magnetic bar at its neutral point, we have two magnets of 
diminished force, but each half has its two poles like the original bar, 
and its neutral point also. The anomalous magnets, figs. 527, 528, will 
render this statement intelligible. Every magnet must, in this view 
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be regarded u an assemblage of numberless small magnets, every 
molecule of steel haring its own poles antagonistic to those of the next 
oontiguous particle. This conception is rendered clearer to the senses 
by fig. 533. Here the N and S poles ^ 

of the several particles are each re- , pg gg f jm gmrzgnjm 

presented as pointing one way re- 

•pectively, and towards the N and S »»***<«*»*«*» * *« » n * 
ends of the bar. These opposing forces, therefore, constantly increase 
from the centre or neutral point, where they arc in equilibrium, to the 
ends, where they find their maximum. Tins arbitrary illustration 
enables us to conceive how such a body may excite similar manifesta- 
tions of power in another, without itself being weakened, and how 
each part becomes n perfect magnet, if the bar is broken. The experi- 
ment shown in fig. 529, illustrates well the reunion of the two fluids 
to form the neutral state of the undecomposod influence. 

Do Iialdat has shown that a brass tube, filled with iron tilings, confined by 
•crowed caps of brass, can bo magnetized by nnv of the inodes used for bars, 
and have its poles and neutral point tike a bar magnet ,* but if, by eoneussioii, 
the particles of iron are disarranged, the magnetic force dimini*hex, ami finally 
disappears. 

The magnetic pastes of Dr. Knight and of Ingt nhuuv/. also illustrate the fact, 
that little particles of magnetic iron, or of pulverized Iodcsimic, may determine 
the existence of the magnetic jades, and a neutral line, when they arc comjutcted 
into a mass, by drying oils, or by the use of some gummy substance. 

Even so small a quantity as one sixth of ferruginous particles, in five-sixths 
of sand or earthy mutter, can be magnet i/ed us a bar, showing clearly the de- 
composition of the neutral fluid in curb particle. 

786. Coercitive force. — Tin* resistance which most substances show 
to the induction of magnetism, 1ms been distinguished by the term ro- 
trcitive force. In soft iron, this force* may be regarded as at a minimum, 
since this substance will receive magnetic influence even from being 
placed in the line of magnetic dip, while in steel which bus been hard- 
ened, n peculiar manipulation is required to induce any permanent 
magnetism. Soft iron parts with its induced magnetism as readily u* 
it receives it; but, if it is hardened by blows, or violent twisting, or by 
small portions of phosphorus, arsenic, or carbon combined with it, a 
portion of magnetism is permanently retained by it from induction. 

As blows, by hardening, may induce permanent magnetism in soft iron, si, in 
steel, the coercitive force may, by simple vibration, ns by blows on a umgiietio 
bar, or by an accidental fall, destroy a large part of the force developed, by 
giving opportunity to the coercitive force to resume its supremacy. In general, 
whatever cause induces hardness, increases the coercitive force ; and, conversely, 
U is diminished by annealing, or any cause which results ir softening the mass. 

III. TERRESTRIAL MAO.VET1SX. 

787. Magnetic needle. — Directive tendency. — A magnetic noe- 
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dk, suspended over Hie poles of a horse-shoe magnet, comes to rest is 
the plane of the poles ; and, in obedience to the fundamental law ef 
magnetic attractions, its A and B poles 
will be opposite to the B and A poles 
of the attracting magnet. The sus- 
pended needle, in fig. 534, assumes its 
position by reason of the same law, and 
monies to rest with its A pole toward the 
N pole of the earth, and its B pole to- 
wards the south. All bar magnets, 
having a free motion in a horizontal 
plane, arrange themselves in this man- 
uer in every part of the earth. 

This directive tendency of the magnet has 
been known to European nations since the 
twelfth century; but was known, it is said, to the Chinese, 2000 b. c. The 
earliest mariner’s compass, used by Syrian navigators in 1242, was a common 
sowing-needle, rendered magnetic, thrugfc through a reed or cork, and allowed 
to float on water. (Klaproth.) This directive power renders the compass in- 
valuable to the explorer of a pathless wilderness, to tho surveyor and the miner; 
the mineralogist and the physicist also find it indispensable in many researches. 

Tho terms A nut ml and Boreal have been applied to the polarity of tho mag- 
netic needle, in (illusion to the free Austral and Unreal magnetism assumed to 
exist respectively in the southern and northern regions of the earth. In accord- 
ance with magnetic law, the end of the needle pointing north is called Auntral, 
and that pointing south. Boreal. For greater simplicity, the mariner’s compass 
is marked N on that point which turns to tho north, and conversely; but tho 
terms austral and boreal may he used interchangeably with positive and nega- 
tive, or north and south polarity. 

The mariner's compass is arranged in a box (K, fig. 535) called a 

635 536 



binnacle, illuminated at flight through the glass, M. The magnetic 
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a b f ig. 535, delicately poised on a socket of agate, is attached 
to the lower side of a card or plate of mica, U on which is printed the 
star of thirty-two points, — seven between each two of tho cardinal 
points, N., E., S., and W. The compass-box, oo, is hung on points 
called gimbals, ed e z (pronounced gimbles ), which allow it to remain 
always horizontal, however the ship may roll. The transom or oross- 
sighis, A, may be placed at pleasure on the face, m, of the compass, 
when the object is to measure points on the coast. Both parts of the 
figure are similarly lettered. 

The astatic needle is an instrument in which the directive tendency of 
the earth’s magnetism is neutralized, by placing two equal needles, « b , b' a', 
fi*. 5 Hi, parallel, one above the other, with their unlike poles 
opposed to each other. This system is suspended by a fibre 
of raw silk, and is a most sensitive test for feeble innguetic 
currents. Such is the construction adopted in tho galvani- 
scope, to be hereafter described. The two needles must be 
of exactly equal force, or ab and a'// will not neutralize 
each other, and the system will have a directive tendency, 
equal to auy difference of foree in the two needles. 

The most simple astatic needle is made by touching a steel 
•owing-needle, at its centre of weight, by the N. polo of n 
powerful magnet; tho point touched develops two S. pules, 
and the two ends arc N. Snell a needle is very nearly astatic 

788. Magnetic meridian — declination or variation. — There are 
but few places in the world where tho magnetic needle points to the 
true, or astronomical North ; and in all other places, a plane passing 
through the axis of the magnetic needle (the magnetic meridian), fails 
to coincide with the geographical meridian. Moreover, the magnetic 
meridian in any given place is not constant, but changes slowly from 
year to year (called secular variation), being now on the E., and again 
on the W. side of the true North. This is called the </«W imifinrt or 
variation of the magnetic needle. The declination is culled Eastern, 
or Western, according as it may he to the East or to the West of tho 
astronomical meridian. The angle formed hy the meeting of the truo 
and the magnetic meridians is called the angle of declination. Thus, 
a* Washington City,* the angle of declination in 1855-0, was 2° 30' W., 
and at New llaveu it waa 0° 37'*‘J W., August 12, 1848. Js. Kuth 
observer. 

Columbus, in his first voyage to America, found tho needle to have, on h« 
•ailed westwards, an increasing variation from the true North, a circumstance 
not before observed, and which caused the greatest consternation in his super- 
stitious crew, “ who thought the laws of nature were changing, and that the 
ooiupass was about to lose its mysterious power." (Irving's Columbus.) Not- 


• V, S. Coast Survey Report, 1858, Htfi, ^C. A. Soiiott, Observer. 
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withstanding these and other similar obserrations, it was not until the middle 
of the seventeenth century, that the variation of the compass was an established 
fact 1 1 } magnetic science. The observations on the declination cf the compass 
in England, date from 1580. The following table, from Harris, contains the 
declination with the mean rate of motion, as referred to certain periods of obser- 
vation in London, between 1580 and 1850, or about two hundred and seventy 
years. Eastern declination being distinguished by the negative sign, and west* 
era by the positive sign. 

Eastern Declination. Zero. Western Dedinaticn. 

Years, 1580. 1622 166C 1692. 1730. 1765 1818 1850 

Declination, —11° 15' —6° 0 +6° +13° + 20° + 24° 41' +22° 30' 

Bate per year, V 8' 10' 11' ll'*5 9' O' 5' 

Thus, in a period of eighty years from the first observation, the needle gradu- 
ally reached the true meridian, and then, for a period of one hundred and fifty- 
eight years, it moved Westward, roaching its maximum Westerly declination in 
1818, and it is now again slowly moving Eastwards. The rate of this move- 
ment is not uniform, but is greater near tbo minimum, and least near the maxi- 
mum, point of declination. 

Observations since 1700 establish the same facts in the United States, at a 
groat number of places. Thus, at Burlington, Vt., in 1790, the declination was 
{ 7° 8; in 18.10, -f-8°-30 ; in 1840, -f 9° 07 ; and, in 1860, -f 10°*30. In Cam- 
bridge, Mass., in 1700, it was -f 9° 9, and steadily diminished to 1790, when it 
was -|~6°*9, and has since regularly increased to the present time, being, in 
1855, -j-10°-90. At llatborough, Pa., in a. i>. 1680, the declination was -f-8°'5; 
in 1800 it had, by a regular rate, decreased to -{-l°-8, and, in I860, was -f 5 0, 32. 
At Washington, 1). C., it was -4 0’6 in a. i>. 1800, and* in I860 had increased to 
~j-2°*9. 

South of Washington, the declination is uniformly Easterly, ranging, at 
Charleston, ,S C\, from — 3° 7 in a. i>. 1770, to — 1° 7 in 1860. On the Western 
Coast of North America, it is also Easterly; being, for example, at San Fran- 
cisco, in 1790, — 13°*G, and in 1860, — 15*°8. The annual change (increasing E. 
declination) being, in 1840, — ]' f> ; in 1850, — l'-2 ; and in 1860, — 0'*8. 

For a full discussion of Magnetic Declination in the United States, the stu- 
dent will refer to the Reports of the United States Coast Survey : and lor uu 
able extract of ull the results of secular change on the Atlantic, Gulf, ami Pa- 
cific Coasts of the United States, refer to a “Report by Assistant Charles A. 
Schott/’ in Am. Jour. Sei. [2] XXIX., p. 335. 

The first attempt to systematize the variations of the magnetic needle, 
and to connect by lines, called isogonic lines, all those places on the 
earth whore the declination was similar, was made by Ilalley, about 
1700. He thus discovered two distinct lines of no inclination, called 
agonic lines, one of which ran obliquely over North America and across 
the Atlantic Ocean, and another descended through the middle of China 
and across New Holland ; and he inferred that these lines communi 
cated near both poles of the earth. 

789. Variation chart. — Xaogonal lines. — In fig. 538 «s seen a 
projection of the lines of equal and no declination, on a Mercator's 
chart of the earth, emhracieg observations down to 1835. The Ameri- 
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mm line of no variation, or a /one, crosses the eastern point of South 
America, in latitude 20° S., skirts the Windward Antilles, enters North 



Carolina near Cape Lookout, and passing through Staunton, in Vir- 
ginia, crosses Lake Erie midway <>n its course to Hudson's Bay. The 
chief Asiatic agonc (for, in fact, there are two lines of no variation), 
after traversing the Indian Ocean in a southerly direction, crosses tho 
western part of New Holland near K. All the entire lines on this 
chart indicate western declination, while the dotted linos mark eastern 
declination. According to the theory of Gauss, the eminent German 
astronomer, no lines of equal variation can form diverging branches, or 
be tangents to each other; hut when there is a space within which 
the declination is less than outside any portion of its limiting line, 
that line must form a loop, the two MV 

branches intersecting at right angles. 

The observed line of 8° 10' in the 
Pacific, beautifully illustrates and 
confirms this theoretical position, as 
shown on the chart, fig. 538. . 

Figure 539 illustrates the circum- 
polar relations of the corresponding 
lines of equal variation in the north- 
ern hemisphere. It will be seen 
that much the larger number of the 
isogonal lines, converge on the Mer- 
cator's projection at a point near 
Baffin's Bay, in lat. 73°*0 N., long. 70 o, 0 W* its opposite pole is to tb# 
southward of New Holland. 
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Halley's original chart assumes the existence of two magnetic pcles in each 
hemisphere, one fixed, and the other revolving about it in a certain period. 
Hanstoen, in 1828, in bis well-known chart, accepts the same view. By Gauss'* 
theory of terrestrial magnetism, only one magnetic pole in each hemisphere is 
required, aud thus far observation bus shown a wonderful conformity betwocn 
the theory o' Gauss and tho facts. 

790. Daily variations of the magnetio needle. — Besides the 

great secular movements of the magnetic needle already noticed (7S8), 
it is found to vary sensibly from day to day, and even with the different 
periods of the same day. The most refined means have been in our 
time applied to the exact investigation of this phenomenon, first noticed 
by Graham, a London optician, in 1722. It has been shown that the 
north pole of the needle begins between seven and eight a. m. to move 
westward, and this movement continues until one r. x., when it becomes 
stationary. Soon after one o'clock it slowly returns eastward, and at 
about ten v. x., the needle again becomes stationary at the point from 
which it started. During the night, a small oscillation occurs, the north 
pole moving west until three a. m., and returning again as before. The 
mean daily change, as observed by Capt. Beaufoy, is not quite oue 
degree. This daily disturbance of the magnetic needle is undoubtedly 
due to the action of the sun, and it will therefore vary in different lati- 
tudes. In the Southern hemisphere, the daily oscillations are of course 
reversed in direction to those of the Northern hemisphere. 

The annual variation of tho noodle was discovered by Cassini, in 178fi 
Wo have, therefore, 1st, the great tccular variation #, continued through long 
periods of time ; 2d, annual variation*, conforming to the movement of the sun 
in tho solstices; .‘id, daily variation *, conforming nearly to the periods of maxi- 
mum ami minimum temperature iu each day, and lastly, irregular variation*, 
connoctcd with the aurora borealis, or other cosmic&l phenomena, which Hum- 
boldt bus called magnvtic nturmi. 

791. Dip or inclination. — A needle, hung as iu fig. 5-10, within a 
stirrup upon the points a 6, tho whole system being suspended by a 
thread, will, before magnetizing, if carefully adjusted, stand in any 
position in which it may he placed. If now the needle be magnetized, 
it forthwith assumes the position seen in the figure, its pole dipping 
toward the North pole of the earth. In this latitude (41° 18'), the dip 
was, in 1848, 73"° 31 /, 9. Such a needle is called a dipping needlt, and 
if constructed as in the figure, it shows both the decimation and dip, or 
inclination, of terrestrial magnetism for any given locality. As the 
whole system is free to move, it will obviously arrange itself in the 
maguetic meridian, and its position of equilibrium will he the resultant 
of tho two forces of declination and dip.' Approaching the equator, 
the dipping needle becomes constantly less and less inclined, until 91 
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Inst a point is found where it is quite horizontal, an I this point will he 
iu the magnetic equator ; an imaginary plane near, but not coincident 
with, the equator of the earth. 540 

The discovery of the mngnctic dip or inclination, 
was made in 1576, by Robert Norman, a practical 
optician of London, who constructed the first dipping 
needle, by which he determined the dip at London at 
that time t » be nearly 72°. The magnetic dip, like 
the declination, is subject to continual ami progres- 
sive changes, both scculur and periodical, And it is 
at this moment rapidly decreasing. Thus at Loudon 
in 1576 it was 71° 50\ in 1676 it had become 72° .‘10', 
and in 1723 it was 74° 42’, having then reached its 
maximum. In 1790 it had decreased to 71° 3', and 
in 1800 to 70° 35'. Sabine, in 1821. fixed it at 70° 3', 
and Katcr, in 1S30, at 69° 88'. It is now, in England, 
about 68° 30', having decreased iu 128 years about 
6° 12', or at the rate of nearly 3' yearly, the mean 
annual movement from 1830 to 1850 being ut tlm 
rate of more than 4' yearly, while between 1723 and 
1790 it was about 2 5' yearly, showing an accelerated 
and retarded movement in the scculur changes of the 
dipping necdlo, or magnetic inclination. 

7112. The action of the earth's magnet- 
ism on the dipping needle is neatly illustrated 
by the simple arrangement seen iu fig. 541, where the magnetic bar si* 
is placed horizontally on the diameter of a semicircle, representing an 
arc of the meridian, on which a small dipping needle is made to 
occupy successively the position 541 

seen at a, a', a'\ a '" . 

At a', the needle is horizontal, 
being at the magnetic equator, and 
equally acted on by both poles. In 
every other position, the influence 
of one pole must predominate, to a 
greater or less extent, over the other. 

Several sewing-needles, suspended 
over a magnetic bar at equal dis- 
tances, one over each end, one fever 
the centre, and one intermediate, will 
illustrate the same point satisfac- 
torily. 

793. Dipping needle. — The dipping needle of Biot, shown in fig. 
642, is wholly of brass, and embraces two graduated circles, m and M, 
one horizontal and one vertical. The circle, M, with its supporting 
frame. A, moves in azimuth over m, by which it is placed in the 
magnetic meridian It is leveled by the level, n, adjusted by three 
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milled heads in the feet. The pcedle, a 6, is suspended on the ban^ 
r. To fix the magnetic meridian by this instrument, the circle, m, ie 
revolved until the needle, 
a b, stands vertical and 
points to 90°, it is then 
in the magnetic equator, 
a position of course ex- 
actly 90° from the mag- 
netic meridian, which is 
then obtained by revolv- 
ing the frame, A, 90 c 
backwards. The angle, 
acd t is the angle of in- 
clination (or dip), and is 
read on the arc M. 

Two small errors of ob- 
aorvution exist iu this in* 
strument; 1st, from the fact 
that the magnetic axis of 
the noodle does not coincide 
with the axis of its form, 
aud 2d, from the circum- 
stance that the centre of 
gravity of the needle does 
not lie in the joints of sus- 
pension, and that therefore the angle, H c a, is greater or less than the true 
angle of inclination, by a very small quantity. The first is corrected by 
reversing the plane of the instrument, by a revolution of 180°, and taking the 
mean of the two readings; the seeoml, by reversing the polarity of the needle 
by touch on the opposite poles of two bur magnets, provided for the purpose. 
By this means, the centre of gravity is brought, first above, aud then below 
the point of suspension, aud the mcuu of the two readings is the true angle 
■ought. 

794. Inclination map, or isoclinal lines. — In fig. 543, is pre- 
sented ft Mercator's projection of the line of no dip, oi magnetic 
equator, and the position of the isoclinal lines of 30°, 50°, 70 c , 80°, and 
85° north, and 30°, 50°, and 70° south. It will be noticed that the 
magnetic is below the terrestrial equator, in all the western hemis- 
phere, and is above it in the eastern, crossing it near the island of St, 
Thomas, in longitude 3° £., and again in the Pacific ocean. These 
points of intersection of course vary with the progressive changes of 
the magnetic dip. The greatest declination of the magnetic equator 
from the equinoctial line, amounts to about 20° X., near 53° K. longi- 
tude, and its greatest southern declination is 13 C , in about 40° W 
tangi tude, near the bay of Bahia, on the East coast of South America 



The inclination of the needle at any place #», approximately, twice 
its magnetic latitude. (Kraft.) 
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Figure 544 shows the relation of the isoclinal lines of 80° and 85* in 
the northern hemisphere, to the lines of lutitudo, and to the N. in agio do 
pole, neur Baffin's Bay. Sir James 544 

Ross, in 18.V2, found the needle to (MI 

dip* near Prince Regent’s Inlet, lut. JWH f 

7(P N., longitude 90° N. f within one ' \ 

It is to he observed, that, the lines \ 

of equal magnetic inclination (isocli- L/kMjjtt" f \ \fjpt \\ \ 
nal lines), are found to approach in DUjSJjSl J WSjj^rCn P 

position, with very considerable con* ^ / 

formitv, to the isothernial lines, or mH55jfy / 

lines of equal temperature, thus indi- / 

eating a close relation between the 

earth's magnetism and the distribu- wB&ap - 

tion of the terrestrial beat. 

795. Magnetic intensity. — It is plain, from the phenomena of thfl 
magnetic declination and dip already considered, that the distribution 
of magnetic force over the earth is unequal, although in general it is 
most active about the poles, and least so about the equator. The ques- 
tion arises, how may the magnetic intensity at any given point of the 
earth he determined ? This question is answered by the use of the 
needle of oscillation. A large number of facts serve to show, that a 
freely suspended needle in a sts*e of oscillation, is influenced hr the 
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magnetic force of the eirth, in a way analogous to that of a com mo* 
pendulum, oscillating by the influence of gravity ; and that 'in^ce by- 
means of such a needle, we may determine the ratio of the inten/^ v 
of terrestrial magnetic force throughout the whole extent of the earth's 
surface. 

This inode of determining the magnetic intensity in different regions of the 
earth, was first suggested by Graham, in 1775, and was afterwards more fully 
perfectoi and employed by Coulomb, Humboldt, llanstcen, and Gauss. Hum- 
boldt carefully determined the time of a given number of oscillations of a small 
magnetic needle, first at Paris, and afterward in Peru. At Paris, the needle 
made two hundred and forty-five oscillations in ten minutes: in Peru, it made 
only two hundred and eleven in the same time The relative intensities were 
therefore as the square of these two numbers, or as 1 : 13482, which, assuming 
the point on tbe magnetic equator in Peru as unity, will give the magnetic 
intensity at Paris as 1 3482. This kind of observation has since been extended 
to nearly every known part of the globe, and full tables have been published, 
giving tbe results. Thus the intensity at itio do .Janeiro is 0 887 ; Cape of Good 
Hope, 0*945; Peru, 1*; Naples, 1 274; Paris, 1*348; Berlin, 1*364 ; London, 
1369; St. Petersburg, 1*403; Baffin’s Bay, 1*707. 

The most complete statement of the results of American observations on tho 
magnetic elements has lately been published by I)r. A. I). Bachc, in Am. Jour. 
Sci. [2J XXIV’., p. 1, where all the earlier observations are collated, with the 
more oxtondod results of the Coast Survey, with maps. 

700. Isodynamic lines, or linen of equal power, are eueft ns cou 
nect places in which observations show the magnetic intensity to be 
equal. These lines are not always parallel to the isoclinal lines* 
although nearly ho, and the points of greatest and least intensity are 
not exactly identical with the points of greatest and least inclination, 
lienee the intensity of the magnetic, equator may not he everywhere the 
eamo. These lines are probably curves of double curvature returuiug 
into themselves, implying the existence of two intensity poles, tho 
western, near Hudson’s Bay, in lat. 50° N\, 1 m. 90° W ; and the eastern 
or Siberian pole, about 70° N. t and Ion. 120° E. The two southern 
poles have been placed, otic to the south of New Holland, in hit. 00° 
S., Ion. 140° E. ; the other, in the South Pacific, also in lat. <>0 r S., hut 
Ion. 120° W. These four polos are not therefore diametrically opposite 
to each other. 

The terrestrial magnetic force increases toward the south pole, nearly in the 
ratio of 1 : 3, and as both tbe maximum and minimum magnetic intensity on 
tho globe are found in tho southern hemisphere, it would appear that the ratio 
of 1 : S expresses very nearly the maximum and minimum magnetic force of the 
whole earth. From the profouml iuquiries of Gauss, it appears that the absolute 
terrestrial magnetic force, considering the earth as a magnet, is equal to six 
magnetic steel bars of a pound weight each, magnet i/.cd t«> saturation, for every 
cubic yard of surface Compared with one such bar, the total magnetism of the 
earth is as 8,864,000,000,000,000,000,000: 1, a most inconceivable proporti m» 
(Harris) 
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797. The Inductive power of the earth's magnetism is mani- 
fested by the polarity developed iu any bar of soft iron, or of steel, 
placed in an erect position, as in fig. 545, or better, in the angle of the 
dip of the place. The end of the bar toward the earth is always 
Austral, Boreal magnetism existing at the upper end, B, and a neutral 
print at the centre, M. These facts are demonstrated by the action of 
a small needle, held in the hand at the three 
positions, shown in the figure. If the experi- 
ment were made in the southern hemisphere, 
the polarity would be reversed. 

For this reason, all masses of iron standing In a 
vertical position become magnetic. In soft iron this 
magnetism is transient, but in steel tools, especially 
such as are subject to vibration, as drills, the mag* 
netism developed is permanent. 

barlow found that globes of iron, like bomb shells, 
a foot or inoro in diameter, become miniature copies 
of the earth by virtue of the inductive fore© exerted 
upon them by the earth's magnetism ; having a mag- 
netic axis in the line of dip at the place of experiment, 
and un equator at right angles to their axis. IMieate 
needles, poised on the equatorial line of such globes, 
suffered no disturbance, while in any other position 
on the sphere, both declination and dip were mani- 
fest 

barlow bit tlicr discovered, that sueh a sphere 
of iron, placed in n certain relation to a compass 
needle on hoard a ship, united, and harmonized tin? local attractions of the 
ship's iron, so as to free the compass from tho effects of sueh disturbing causes. 

798. System of simultaneous magnetic obseivations. — The 

distinguished PruHsiuti philosopher, Alex. v. Humboldt, in l8.'l(». pro- 
posed to the scientific world to sot on foot u series of connected nnd 
simultaneous observations, to be made over as large a portion of the 
earth’s surface as possible, for the purpose of establishing the laws 
relating to the magnetic forces. 

In accordance with this suggestion, tho leuding governments of Europe 
(France excepted;, aud many of the scientific societies both in the old and no# 
world, commenced sueh observations, with instruments specially contrived ft r 
tiie purpose, and in bnildings made without iron, both on and beneath Ihe earth's 
Surface. Expeditions were sent to the Arctir and Antarctic circles, to Africa, to 
fitulh aud North America, and to the Pacific Ocean, while at numerous station* 
In India. Russia. Europe, and North and South America, hourly and simulta- 
neous observations have been carried on for a long period, and in many place* 
are still continued. In this way a great mass of facts has been accumulated, 
from a careful comparison of which the laws of terrestrial magnetism already 
announced bare been educed or confirmed. 

Perhaps the most remarkable resalt of tbeso observations is the foot, first 
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wtahtte md by IImb, Ibat not only tbs greater ririAlio&i is the earth'* rnatMt 
«tt» list tbs most ninoti and irregular disturbance* occur at the tarns instant 
Is pliMi tbs noil distant from «*<• L other, nbowing a wonderful connection »4 
•oiacidenca in tbs cause* of these phenomena throughout tbs world. 

7tJ9. Udm of magnetic force. — The illustrious English phi low* 
pbor, Faraday, bus demonstrated that all matter is subject to ruagneftio 
influence. 

As the evidence on which thin important induction rests is chiefly derived 
from the use of electro-magnetism. it* particular consideration i« more conve- 
niently referred to that subject, lit* general views, connected with terrestrial 
magnetism, may be thus stated. Alt space both above and within the limits of 
our atmosphere may be regarded a* traversed l<y /mo < ./ fu < r * , among which 
are the lines of magnetic force. The condition of the space surrounding* a 
magnet, or between its poles > 777}, may In- taken as an illustration of this 
assumption It is not more difficult to conceit t< of force existing without 
(natter, than the converse, and it m certain that wc know matter chiefly by the 
effects It produces on certain forces in nature Thr line* *«f magnetic for.-e arc 
assumed to traverse void space without change, but when they comr in e..nt«*t 
with matter of any kind, they are either r mernt rated upon it, or doperod. 
according to the nature of the matter Thus we know that a suspend*' i m*» l!o 
is attracted turtallj/ by a magnet, while a bar of bomuth, and many other solid, 
liquid, or gaseous bodies, similarly placed between the po!* « <,f magnet, arc 
held in a place at right angles to the mi*, or ey««n»r l a//y. lienee all sub+tanees 
may be rlu««i(led either as those whieh, like iron, point axially. and are called 
l*AMAM AUXKTtc unbalances, and those whnh point c<{U;iionally . and termed 
iJlAMAOSKTli'. The force which urges bodn - 1*- the a\ta! •• r • qu«t.«na! lines is 
not a central force, but a force differing in character m lh* axial or radial dircc. 
lions. If a liquid paramagnetic body w»rr introduced into the fmbi ,.f f.,rcc. it 
would dilate axmtly, and form a prolate spheroid; while a liquid diamagnetic 
body would dilate equatorial!*, and form an oblate .Ilf. 

The diagram, fig. &4f>, will serve to render m«»i» 
clear the actum of diamagnetic and paramagioi 
Substances, upon the linen »>( magneto- t**r*-e Tin.- 
a diauiagtictte suhstnaoc, I>, expan Is the hi es .1 
force, and causes them to open outward*, whib a paramagnetic bo is, P, t »-n 
Cvntrntcs these lilies upon itself Bodies of the tir'l »■!:»*# "Wii g till » tio « p;.»i f 
or f, »rce, oi lie at right angles to the lines of fdret, while th>»*c of the pi»u»in;ig 
Cotie elms become axially arranged, parallel to the hm* id force. 

800. Atmospheric magnetism — Tbo «ii*r«»vm\ by Faraday, of tbo 
highly paramagnetic character of oxygen gun, and of the neutral elm- 
factor of nitrogen, tbo two chief constituent* of the atmosphere, \n 
justly esteemed n fact of great iinju xtunce in studying tl»e phenomena 
»f terrestrial magnetism. We thus see twieuintbs of the atmosphere, 
by weight* consisting of a substance of eminent magnetic .‘apacify, 
after the manner of iron, and liable to great physical change* of Jen* 
Wty, temperature, A<\. mid entirely independent of the solid earth. Iu 
Oils medium hang suspended the magnetic bars, which are used as 
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8 t and thif> magnetic medium is daily heated and cooled by tSio sun's 
ray», and its power of transmitting the lines of nmgnetic force U thus 
affected, iudueucing, undoubtedly, those diurnal changes already eon- 
tide red. 

801. Notions of the origin of the earth’s magnetism. — Two 

hypotheses have hitherto divided the opinions of philosophers in ex- 
plaining the phenomena of terrestrial magnetism. 

The older of these views Hausteen’s) assume* the existence of n n indepen- 
dent magnetism iu the earth, with its focus, or seat, near the earth’s eon t re. 
This interna! power manifests it-ilf chiefly at four point*; near the surface, two 
of which, at the opposite ends of the supposed magnetic axis, are the most ener- 
getic, and are known as the magnetic poles The minor poles have their own 
iudepeudent uxis, and move arouud the principal axis from west to east in the 
western hemisphere, and the reverse in the southern, giving origin to the well 
known phenomena of the secular variation of the needle Ilowevei well this 
ivpotbesis met tho facts of terrestrial magnet ism some years since, the rapid 
progress of our knowledge of magnetic phenomena, both terrestrial and general, 
within a short period, has mateii.iti hanged sehniifie opinion. The diurnal 
and irregular variations in the magtielii- force,-;, cunicd hr » x plained upon linn 
Steen’s hypothesis, and especially the simuituucour oeeuruiice of these dotinh 
am-es at different points of observation. Nearly all bodies ar< now known t«< he 
susceptible to magnetic influence, while the maximum and iinntu.iitii magnetic 
intensity are found in those regions of the globe w here the minimum and maxi 
mum of supertieial heat exist. 

It is heuee n<>w argued, that the crust, or surface, and not the interior of the 
earth, is the seat of the magnetic force. That this force is manifested with least 
energy at the c<|iiator of mugmtiMii, and with increasing power toward (he 
poles, where, as in ati artificial magnet, it attains its maximum dev eloputeut, 
because there we find the most perfect separation «»f the magnetic fluids : that 
the coercitive force (7Mi) of the materials of the earth's surface is resolved by 
the solar heat, and that the depth to which this separation on uts is c|ose)> con- 
nected with the mean heat of the earth's crust, if not absolute ly dependent upon 
it Axes and poles have, therefore, in view of this hypothesis, no existence in 
fact, hut are merely convenient mathematical terms for t xptessing our ideiyi of 
magnetic phenomena more closely, just as in crystallography we employ the 
lame terms for the same rcuson*. 

In conformity to this iicw. the manifestation of the magnetic forces will vary 
with all the diurnal change* of tempi ratlin . giving the relation of cause and 
effect between these changes, and the magnetic perturbations. The annual flue 
tuations in the mean temperature of the earth'* surface will, therefore, he repro- 
duced in corresponding mm < meat* in magnetic declination and dip. Hence, 
the magnetic meridian, and the system of isoclinal and isogouie curve* ought to 
correspond closely, as they do with isothermal line*, and the peculiar distribu- 
tion of temperature in both hemisphere* Indeed, we may assume, should t hi* 
hypothe*i* prevail, that the difli rcin-i** now noticed Itetwcen the isothcrruc* und 
Uogouc* (due, pruhahly. to imj«*rfeet observation*;, will vanish under new mid 
■lure extended researches. 

IV. J'KOIM’CTION OF HAliSK’ta. 

902 . Artificial magnet* arc produced (1.) by touch, or friction from 
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another magnet; (2.) by induction; (3.) by electrical currents; and 
(4.) by the solar rays. 

The method by touch in accomplished by very various modes of ma» 
oipulation, of which we shall describe only one or two, referring the 
reader to larger treatises on magnetism for fuller details. Since the 
introduction of the method by electro-magnetism, the old methods of 
producing magnets by touch arc far less important than formerly. 

The circumstance* affecting the value of magnets, are chiefly 
the nature and hardness of the steel, the form and proportion of its 
parts, and the mode of keeping. The most uniform and tine-grained 
east-steel, wrought with as little dis- 
turbance of its particles as possible, 
forms the bent magnets. 

This ifl hmpered an high as possible, 
and the temper in then drawn by heat to 
n violet straw color, at which hardness 
it has hern found to receive and retain 
a maximum of magnetism. The pro- 
portion* of a bar magnet should he, for 
Width, about one- 1 weiitie' h the length; 
and the thickness, one third to one-fourth 
the width. In u horse-shoe, the dis- 
tttliee between the poles ought not to be 
greater than the width of one of the 
poles. The fares should he smooth and 
level, and the whole surfuee he highly 
polished. It is quite essential for pre- 
serving the power of a magnet, that its 
poles should he joined by a keeper or 
armature of soft iron, made to lit its 
level end-, ami he suspended, as seen in 
fig. A 47. Thus armed, a magnet gains 
putr&r; hut if left unarmed, it suffers 
material loss. liar magnets are arranged aj is fig. 648, either four magneto 
with their opposite poles in contact, or two magnetic bars, side by side, with 
twr pieces of soft iron joining their opposite poles. 


648 



803. Magnett by touch. — Touch One pole of n powerful magnet 
with one end of a sewing-needle, or the point of a pen-knife, and it 
becomes instantly a magnet, attracting iron filings, and repelling or 
Attracting the magnetic needle. The coorcitive f >rce has, in this ease, 
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been deoomooeed by simple touch. If the magnet in very powerful, a 
near approach 0/ the needle to it without contact will develop a feeble 
magnetism by induction. 

More p : irerhtl magnetism is, howoTer, developed by drawing the bar to be 
magnetised. fr: ji its centre to the end. several times over one pole of a magnet, 
returning it each time through the air, and repeating the stroke in the same 
direction. Then place the other pole in the middle of the bar, and stroke the 
op;~oj.V end as before. 

T*t c r»agnets may be placed together, with their dissimilar poles in the middle 
s' 'A* oar, as in flg. 549, and then be moved in opposite directions, at a lew 



le, to the extremities of the bar. The impicgnnlioti "I the bar will be 
no>re powerful atid speedy if it real* by its ends <*n the two opposite ends of two 
other magnets, as practiced by Coulomb. It v in* pee -ting the letters in fig 649, 
this arrangement will be quite clear. Carr is taken to pm out the mid* of (ho 
two inclined bars from touching, bv placing a lot of dry wood between them. 
This is called si ny/r CuoA, and i> to be e\ plumed in :i'«oidiince with '{ 7*'5. 

To magnetize a bar by means of the « luul>lr r«*>* h, two loirs, <>r horse. shoo 
magnets are fastened together, w ith » wedge of dry wood be! ween them, so that 
their dissimilar poles may be about u quarter of an unh iimndcr ; or a horse- 
shoe magnet may be used it its pole- are quite near together The magnet, in 
this mode, is placed upright, on the middle of the bar, and is then rapidly druwn 
towards its end, taking care that neither of it* poles glides over the end of tho 
bar. The magnet is then passed over the opposite end 
of the bar as before. The poles will be dissimilar to 
those of the touching magnet 

804. Horse -shoe magnets arc easily mag- 
netised by connecting the open ends by it soft iron 
keeper, while another horne-slme magnet of the 
same size in panned from the polo* to the bend, in 
the direction of the arrow in fig, 2*5 0; the pole*, 
being arranged an indicated by the figure. 

The easiest mode of obtaining a maximum magnetic effect in a bar, by touch, 
is that of Jacobi, viz. : to rest its ends | 

against the poles of another magnet, 
and then to draw a pie.ee of soft iron, 
called a feeder, from it several times 
along the bar. This mode is applied to 
horse shoe magnet*, as seen in fig. 561. 

The dissimilar poles are placed together, and the feeder is drawn over tha 
hur*e shoe, in the direction of the arrow ; when it reaches the curve, it is to be 
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replaced, and the pro* etc repeated ; turn the whole orer without separating the 
polos, and treat the other side in like manner. 

A horse-shoe of one pound weight may he thus charged, so that it will sustain 
26'b pounds. By the best method of touch before known, fig. 650, 21 lbs. 9 Of. 
was the highest attainable result. (Peschel.) 

805. Magnets by electro-magnetism. — The mode of producing 
electromagnetic current* will he hereafter described. By their mean*, 
powerful magnets of soft iron are easily produced, and, from these, by 
the motliods of touch just described, very powerful artificial magnets 
may be made. 

Logomnnn, of Haarlem, in Holland, has in this way produced the most pow- 
erful inagnotn ever made. One in possession of the author, sustained 28$ lbs. ; 
its own weight being 1 lb. The mode of producing these powerful magnets 
will be understood from fig. 552. 

A spiral of insulated copper wire, 
t, is wound on a paste -hoard tube, 

A 11, in the manner of the electro- 
magnetic helix. The bar to be 
magnetized is annod with two 

heavy cores, or cylinders of soft . -mm** 

iron, S N, just fitting the inside - , .„r. ~ ( j| 

of the spiral; when in its place, 

the ends of the spiral, rt, are connected with a few cells of Grove s or Bunsen's 
battery, and the powerful temporary inagiuti-m induced in the masses of soft 
iron, reacts, to induce an uncommonly strong permanent magnetism in the bat 
of steel. A horse shoe magnet is charged in a similar way, by encircling it 
with a helix of proper form, with similar «i matures of s*dt iron. The cl<>t« 
analogy of this mode to that of Jacobi, in the last section, will be noticed. 

8<)<>. Compound magnets arc made of several plates of steel, sepa- 
rately magnetized, a* in fig 523 and 5 10. As the coerciti ve power of steel 
appears to be overcome, chiefly, on its surfaces, 
there is an advantage in multiplying the number 
of plates, but as each plate serves to neutralize a 
portion of the polarity of its neighbor (similar 
poles, of necessity, being brought into contact), 
there is soon found a limit beyond which there is 
no advantage in extending these batteries. 

Large magnets are not as powerful, in proportion to 
their weight, ax small ones. Sir Isaac Newton is said 
to have worn in his finger-ring a magnet i lmlcstonc), 
weighing three grains, and capable of sustaining over 
S50 times its own weight (760 grains). A lmlcstonc 
of three or four pounds weight, mounted its tn fig. 534, 
can rarely sustain* over two or three times its own 
weight. 

The most powerful artificial magnet on record, was 
that made bv Dr. I*. Knight, of London, and now in 
possession of Jie Royal Society. It consisted of two prismatic bundles, saob 
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sf 140 powerful bar magnet* fire foot in length, nountcd on a heel*; 

the end plate* of this combination, the pule* of the most energetic single magnet 

wore reversed or powerfully reinforced. 

807. Magnetism of steel by the sun's rays. — Although the fact 
is doubted by wmie experimenters, the weight of testimony appears to 
support the conclusion, that the sun’s violet rays possess the power of 
inducing permanent magnetism, when concentrated bv a lens, on steel 
needles. 

80*. To deprive a magnet of its power, it is only necessary to 
reverse the order adopted to impart magnetism to it, stroking it from 
the ends to the centre with poles of the same name opposed. In this 1 
way the magnetic virtue may he wholly or very nearly destroyed. 

The approach of a fvchlc magnet to a s>tri*ng odd may reverse it* polarity 
Leaving a magnet without it* keeper greatly impuirt. it>* power. Suddenly jerking 
it off the keeper, or Mriking it with a hammer, in a wav l«» make it vibrate, dues 
the same. Heat accomplishes the total detraction of magnetism, ami in short, 
any tiling which weakens its eoercitivt? power, t’oiivcrsclj , hanging an artued 
magnet in the p<>«i(n»ii it would assume if free to obey the .«olieitnlion of the 
fonws* of terrestrial mugm-hMii, i> the best position to fax or if* greatest develop. 
Uivnl. Kvcry magnet whii-h ba> been charged while i t s poles me connected |»y 
a keeper, po-M-mu-" more power before the keeper is removed than fitter It is 
indeed overcharged, and the ex"r««h may be likened to that residual force which 
retains the keeper uf an electio magnet in its place after the circuit which excited 
it i* broken, or to th* loi lual charge ol a Leyden jar. Every tune the keeper 
of a magnet is moved suddenly, a l"** of power is sustained, and hence the 
keeper should he n moved h\ sliding it gradually ofT endways, and only when 
it is required for the performance of an experiment. 

I 2. Statical or Frictional Electricity. 

I. ELECTRICAL PHENOMENA. 

800. Definitions. — Electricity in the ethereal or imponderable power 
which in one or another of its forms affects all our Menses. In this 
respect it is unlike all other ethereal influences. It appears, as far as 
our knowledge goes, to extend throughout nature, and is probably Con- 
nected inseparably with matter in every form. Bodies in their natural 
state give no evidence of its presence, but by different means it may 
be evoked from all. Hence statical electricity implies that eonditiou of 
this subtle ether existing in all bodies in a state of electrical quiescence. 
Statical electricity in the opposite of that state of excitement following 
friction, chemical action, Ac., which is called dynamic electricity , Ol 
electricity in motion. 

An arbitrary meaning has, however, attached itself to the terms 
statical and dynamical electricity, materially different from the exact 
meaning of those terms as used in mechanics. Statical or frictional 
electricity means only that form of electrical excitement produced by 
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friction, while dynamical electricity is a term confined to the electrical 
excitement produced by chemical action, or voltaic electricity. Strictly 
speaking, all quiescent electricity is static, and all electricity in motion, 
from whatever source, is dynamic . Such, however, is not the established 
ise of these terms. 

Electricity is a term derived from the Greek word for amber (ijXexrpov), 

The ancients knew this resin to be capable of what we now eall electrical 
excitement, when it was rubbed. 

810. The chief sources of electrical excitement are : — I t, 

Friction of dry substances, as of glass, by cat’s fur or silk, and of 
sulphur or resin by flannel : this is ordinary or statical electricity ; that 
of the atmosphere and of common electrical machines ; 2d, Chemical 
action % or the contact of dissimilar substances, under circumstances 
favorable to chemical change ; 3d, Magnetism, producing magneto- 
electricity ; 4th, Heat, or thermo-electricity ; 5th, Animal-electricity. 

The electricity from all those several modes of excitement differs in degree 
and intensity, according to its source, but not in kind. And each may, iu turn, 
be cease or effect. Each will be the subject of separate consideration. 


811. Electrioal effects. — A dry and warm glass rod, rubbed with 
a cat’s fur or silk handkerchief, is excited in such a manner as to 
attract to itself bits of paper, shreds of silk or cotton, metallic leaf, 
pith, feathers, and a variety of light substances, holding them for an 
instant, and then repelling them again, to the table or support, as in 


fig. 554. 

In the dark, a feeble bluish light is seen in the path 
of the rubber. If the excited glass is presented to the 
knuckle, or to a metallic body, a bright purple spark 
will dartoff from the glass, with crackling sound, to 



the object presented. Brought near to the face, a creeping sensation 
is felt, as if a delicate cobweb was in contact with the skin. These 


effects are produced by the rubber, os well as by the ts»dy rubbed, and 
may be evolved from a number of substances as well as from glass. A 
peculiar odor always accompanies electrical excitement, thus completing 
the list of the effects of this subtle agent on our senses, if we add the 


taste from voltaic electricity. 


Bodies thus excited are said to be eUctri/i«d ; a condition which is only 
transient. 


Thoso very simple experiments, which can be repeated anywhere and with the 
simplest means, contain the germ of cdoctricol science. 


812. Attraction and repulsion. — In the electrical pendulum, fig. 
855, the pith-ball is first attracted to the excited glass or resin, and at 
the next ins taut is repelled, until, by touching some lM>dy in connection 
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with the earth, or in some other way, it lias parted with its excitement 
The two balls in fig. 556, when thus 
excited, mutually repel each other, 
because they are similarly excited. 

The light bodies in fig. 554, oscillate 
between the table and the rod, first 
by attraction, and then by repul- 
sion ; when, losiug their excitement 
by contact with the table, they are 
again attracted, and so 55 $ 
on. $0 with the balls in 
fig- 556. We recognise 
in these simple experi- 
ments the similarity be- / 
tween those actions and 
tho law of magnetic 
attractions and repulsions. Ho<iic$ similarly excited repel, and those which 
are of unlike excitement attract each other . 



The phenomena of attraction and repulninn are not however no tttmple ns 
might at first appear, since for their correct explanation a knowledge of tho 
phenomena of iutiuctinn is required, and these remain to he explained further on. 


813. Vitreous and reainous, or positive and negative electri- 
cities. — The species of electrical excitement depends upon the kind 
of material which is subjected to friction. If the pith-balls, fig. 556, 
are repelled by the excitement from glass rubbed by silk, they will be 
attracted by a stick of wax, gum lac, or sulphur rubbed by flannel ; or 
vice versa. 

This difference of action is due to an inherent difference in the two 
substances, and the kind of electrical excitement which the two respec- 
tively produce, is entirely opjxjsite and antagonistic each to the other. 
The one is vitreous or positive, the other resinous or negative. This 
fundamental distinction in the kind of excitement produced by friction 
in various substances, was first recognised by the French philosopher, 
Du Fay, in 1733, and was re-discovered by Franklin in 1747. Glass 
and resin are but types of two large classes of substances, which pos- 
sess more or less perfectly this characteristic difference in respect to the 
sort of electricity which they are capable of developing. 

Electroscopes serve U » distinguish the two sorts of electrical excite- 
ment from each other. The pith-halls, fig. 556, form a convenient 
electroscope — two silk ribbons, or the electrical pendulum, fig. 555, 
answer the same purpose. Much more delicate instruments of this 
kind will bo described shortly. 
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It i« only requisite to excite tbe balls, fig. 556, with known vitreous or returns 
electricity, when tbe approach of any excited body whose electrical state is on* 
known, will, if of the same kind, cause a farther repulsion, and ii of a diflerent 
sort, will occasion an attraction of tbe balls. 

814. Conductors of electricity. — Bodies electrically excited part 
with their excitement variously, — some instantly, others very slowly,— 
depending both on the nature of the substance excited, and of those 
with which it is brought in contact. The pith-balls of the electroscope 
lose their excitement very sj^wly, the electricity being removed only 
by the surrounding air. Touched by the finger, or a metallic body in 
connection with the earth, they are instantly discharged, and return to 
their nutural unexcited condition. The electricity is removed by con* 
duction over the touching body. And as bodies vary very much in 
their power to conduct electricity, they are called yood and bad conduc- 
tor s, or conductors and non-conductors . 

Good conductors propagate the excitement to all parts of their 
surface, and when in connection with the earth, part with it as quickly 
as they receive it. 

The following are among the good conducting Indies, placed in the 
order of their conducting power. The metals, as a class (silver and 
copper standing first, and lead and quicksilver last), well-burnt char- 
coal, plumbago, coke, hard anthracite, acids, saline solutions, numerous 
fluids, metallic ores, sen, spring, and rain water, ice aboie 13° F., 
snow, living things, flame, smoke, vacuum, vapor of alcohol and ether, 
earths and moist rocks, powdered glass, and flowers of sulphur. 

Bad conductors receive and part with electricity very slowly. If 
touched by an electrified body, they reoei\e excitement only at the 
point touched ; or if, when excited over their whole surface, they are 
touched by a good conductor, the excitement is removed only from the 
part touched. They retain free electricity for a long time, and obstruct 
its motion. 

Insulation. — Good conductors are capable of manifesting electrical 
sxcitemout only when their communication with the earth is cut off by 
some bad conductor. So situated, they arc said to be insulated , and the 
poor conductors used for this pur- 
pose (glass, resin, or dry wood), are 
culled insulators. Fig. 557 shows ” 1 
a brass tube thus insulated by a 

handle of glass. Among the chief insulating bodies are the following, 
olaced in the reverse order of their insulating power, vir.. : dry metallic 
oxyds, oils, ashes ice below 13° F., many crystalline bodies, lime and 
chalk, lycopodium, native caoutchouc, camphor, porcelain, dry vegeUk 
bice, baked, wood, dry air, and gases, steam above *212°, leather paroh* 
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mmi, paper, hair, dyed silk, white silk, diamond and precious stone#, 
mica, glass, jet, wax, sulphur, the resins, amber, gum lac. Gutta per* 
cha, and whalelmne rubber, are among the best insulators known ; 
probably better than gum lae. 

Some bodies which, when solid, are non -conductors, become conductors when 
liquefied bv fusion, vii.: metallic chlorals. glnxs, w»»t, sulphur, resin, ke. Host 
diminishes the electric conducting power of tnctois. I.cngth of conductor 
retards eleetneal motion, while an increase in other dimensions favors the 
rapid transmission of electricity. Kverv body has a rertuin tirefrieut rr finding 
funrrr (SIS), which is inverse to its condu<*ting power. Tables of electrical 
conducting powers will he found in larger works ; bin, in gonna.], (his power if 
very nearly the same as any given body has for conducting heat. 

ST*. The earth is the great common reservoir or receptacle into 
which all electrical excitements arc returned, and, regarded as a whole, 
is a good conductor. The air, even in its ordinary condition, ia a very 
poor conductor and, in view of its immense extent, is by far the most 
important of non-conductor*. It senes to insulate the earth in a non- 
conducting envelope, inure* or less perfect, in proportion to its density, 
and the nbsenee of aqueous taper. Except for this property of the air, 
ull electrical phenomena would have remained invisible and unknown 
to us. The earth i* always negatively excited. 

lu a vacuum, all electrified bodies speedily lose their excitement, 
while in dry, den-e air, they retain it longest. Nevertheless, slight 
electrical excitement cun he produced in a \ucittim by friction. 

810. Theories of electiicity. or electrical hypotheses. — Phil> 
pliers generally agree in attributing the phenomena of electricity to 
the existence of an assumed t Icrtnrul jUnd. This supposed fluid is sc 
subtle and ethereal as to escape detection by all the means used to re- 
cognise matter, being imponderable, and manifesting itself only by its 
effects. It is assumed to pervade ull nature, and to exist in a state of 
combination or electrical quiescence in all bodies in their natural state. 
This quiescence is disturbed by friction, and various physical and 
chemical causes. AH electrical phenomena arc supposed to he duo to 
the efforts of the electrical fluid to regain its previous condition of 
static equilibrium. Two principal hypotheses have been devised to 
explain the phenomena of electricity, namely: 1st, that of Franklin 
and iEpinu* ; 2d, that of Sytnmer, sometimes attributed to I>u Fay. 

Franklin's single-fluid hypothesis is recommended by its sim- 
plicity, and was, for a long time, the view generally adopted, both in 
England and America. It assumes a single electrical fluid, whose par- 
ticles are self-repellent, but attracted by matter of all kinds, combining 
therewith, and when so combined, losing this self-repellent tendency. 
This fluid is present in all bodies, but in varying proportion, each sub* 
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stance possessing a certain capacity of saturation peculiar to iteelt 
In its natural state, every substance has exactly its own quantity of the 
electric fluid, and is consequently in a state of electrical indifference, 
ff any cause of electrical excitement exists, this state of quiescence is 
disturbed, and the body becomes negatively electrical, if its natural 
charge is diminished, and positively , if it is in excess. By this hvpoth 
esis, bodies become electrical either by addition to, subtraction from, 
or disturbance in the equal distribution of, the normal quantity of the 
electric fluid proper to them. In those bodies which manifest positive 
electricity, the equilibrium is restored by parting with the excess, and 
in those whose excitement is negative, by receiving from surrounding 
bodies enough to satisfy their deficiency. 

This hypothesis will be recognised as strikingly like that commonly received 
In explanation of the equilibrium of heal. 

iKpinus found, that, in order to account mathematically for t||e mutual repul* 
Aon of two negatively electrified bodies on the single-fluid hypothesis, it was 
necessary to assume that the particles of matter were mutually repulsive instead 
of attractive, according to the Newtonian law of universal attraction. This 
rtduetin ad abaurdem baa led to the almost universal rejection of the Franklin* 
•an hypothesis. 

The hypothesis of Symmer, or Du Fay, assume* the existence 
of two fluids, extremely tenuous, imponderable, in the? highest degree 
expansive, mutually repellent (as a consequence of this expansive 
nature), and yet possessing a strong mutual attraction when not opposed 
by any obstacle. They therefore combine, when favorably situated so 
to do ; and when equally combined, their expansive and repellent forces 
are neutralised, and electrical quiescence results. Knelt of these kinds 
of electricity may exist separately ; they are then iu a state of antago- 
nism, and exhibit polarity, and other electrical effects. Kvery suit- 
stance becomes thus excited whenever any part of its natural electricity 
is decomposed by friction or otherwise. If a plate, it may finsse** the 
two electricities on its opposite sides, one being vitreous, and the other 
resinous; if a rod, the decomposition of a part of its natural electricity 
will make the rod vitreous ut one end and resinous at the other. When 
the cause of excitement ceases, the two fluids reunite, and quiescence is 
restored. By this hypothesis, ull electrical phenomena arise from the 
tendency of the two fluids when separated to reunite ami neutralise 
each other. 

Either of these two views is capable of explaining most electrical phenomena, 
hot the weight of scientific opinion is now in favor of the last. Neither view 
can be actually true, since the term fluid is only a convenient expression for an 
•ftknown cause, and there is no reason why we should assume the existence of 
a separate fluid or ether, as a medium for light, heat, or magnetic electricity, 
whan it ia more in accordance with a sound philosophy to assume that tbast 
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fl#ptumte mail ifeitation a hit but functions of the ethereal Medium which Alia tht 
nnieerse, and from whose correlations to the particles of matter, all physical 
phenomena proceed. Compare \{ 765-772. 

817. Electrical tension.— This term is employ oil to express that 
condition of bodies in which the electricity is free — a condition the 
reverse of electrical quiescence. This condition is well illustrated in 
the phenomena of the Leyden jar, {! 847, where there is perfect oqui- 
librium between the excitement of the outer and inner surfaces, duo to 
their antagonism. The energy with which the decomposed electricities 
reunite, when communication is made between them, shows the state 
of tension in which they existed. This may he regarded as analogous 
to the tension of a bent spring, in which equilibrium is regained by a 
reaction equal to the compressing force. Electrical tension is a condi- 
tion of constrained equilibrium, it ml when the free electricities to which 
it is due, reunite, an electrical current is produced from the reaction of 
the opposing fluids, analogous to mechanical motion from the recoil of 
a spring. From this state of electrical tension are derited the primary 
effects of electricity, and from electrical currents arise its secondary 
effect*. All electrified bodies manifest electrical tension ; they attract 
other bodies, decomposing their natural electricity, deriving from them 
a portion of the opposite fluid. If this is insufficient to satisfy the 
antagonism of the excited electric, the attracted bodies are next re- 
pelled (Kl‘J). Hence, two bodies equally excited, hut of opposite names, 
attract each other, and reunion of the two fluids w ith electrical indiffer- 
ence results. If one contained an excess of either fluid, both remain 
excited after contact, with that description of electricity which was in 
excess; the excess being divided in the ratio of their surfaces. 

Electrical currents are either momentary or peimanent. ~ The 
first occur when contact is formed between substanees oppositely ex- 
cited by friction or otherwise, and their effects are instantaneous and 
transient. 

Permanent electric currents arise only from the sustained action of 
some continuous cuu-e ; a**, from the continued motion of the electrical 
machine, or, more siinj.lv, from the chemical action of unlike substances, 
as in the voltaic battery, in which the electrical current is kept uj> an 
long as any chemical action exists. 

818. Path and velocity of electric currenta. — If set oral con- 
ducting paths are open to an electric current, it will always choose the 
shortest, and that in which it meets the least resistance. If the cur- 
rent is powerful, and the conduct' r inadequately small, its passage will 
be marked by light, and perhaps by the combustion and deflagration 
uf the conductor. The velocity >f static electricity, by 

48 



188 


PHYSICS OF IMPOIFDBBABLY AGENTS. 


experiment*, over a copper wire, wm found to be 288,000 wiles in a 
second— -nearly half again more than the velocity of light ({ 404). 

It appear* from Dr. Gould's discussion (Am. Jour 8ci [2] XT.. If.!), of the 
very numerous telegraphic observations in the United States, made under the 
direction of Prof. Boehe, for the Coast Survey, mad by other aatronnmers, that 
tho velocity of a voltaic current, when the earth forms part of the circuit, docs 
not exoeed 14,000 miles per second, and it has been measured as low as 11,000 
miles per second ; showing a great retarding force in a conductor of 1 500 mile* 
circuit In the famous Atlantic cable, the electrical retardation was much 
greater than this, being mixed with the accompanying phenomena of induction. 

II. LAWS OF ELECTRICAL FORCES AND DISTRIBUTION OP ELECTRICITY UPON 
THE SURFACE OF BODIES. 


819. Coulomb's laws. — Coulomb (died 1800), a distinguished 
French physicist, by the use of the torsion balance, first demonstrated 
the following laws of electrical attractions and repulsions: — 

1st. Two excited bodies attract and rejwl each other with a force proper - 
tional to the inverse square of their distances from each other . 

2d. The distances remaining the same, the attractions and repulsions 
are directly as the quantities of electricity possessed by the two Unites. 

Coulomb’s laws of torsion have alrendy been demonstrated 
IIo happily applied these principles, first established by himself, to the 
measurement of electric forces in bis tor- 


sion electrometer. 

820. Torsion electrometer. — This 
instrument, fig. 5f»8, consists of un ex- 
terior glass cage, protecting a slender 
needle, no, of gum lac. suspended by 
a fine wire of silver or platinum, cen- 
trally attached to the under side of the 
cap, e, upon the tube d. 

This cap is graduated, and turns like the 
cover of a box. The graduation is read at 
the vernier, a. A small weight, «, of brass, 
keeps the wire tense, while through it the 
gum lac needle passes. At one end of the 
needle, m, is a small gilded ball of pith, or a 
disk of tinsel paper. The cover of the glass 
case is perforated for the free passage of a 
glass insulating rod, », carrying * polished 
brass ball at m. The glass cage is graduated 
in a tone at C, into 360 degrees, to measure 
tha angular spaces traversed by the needle. 



The tero if the graduation, and of the arc on the cap, are both made to corre- 


spond (by revolving the tube, d,) with the normal position of the needle when 


at reet, aed unexcited. To avoid the loss of electricity, the air in the cage it 


ktpt dry by a little quick-lime, placed in a dish for tbat purpoee, on the bottom. 
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321. Demonstration of the first law.— The apparatus being that 
arranged, the insulated rod, », is withdrawn, and the ball, »», placed in 
eontaet with some excited surface — as the electrical machiue. Thus 
excited, m is immediately returned to its place by the insulating handle, 
taking care that it touches nothing. Forthwith the disk, n, is attracted 
to m, is oppositely electrified, and then repelled with a force propor- 
tioned to the intensity of m. After a few oscillations, n comes to rest 
■ay at 30 degrees on the graduated circle. This angle then represents 
the repellent force of the electricity on m, since the torsion of a wire 
is directly as the twisting force. Hut what would be the force requi- 
site to hold the disk,n, in equilibrium at half this angular distance, or 
15° ? Revolving the movable circle, t % in the direction of the arrow, 
we find it is necessary to carry it from 0 to 105°, in order that the 
needle may point to 15°. The wire is then twisted at top with n force 
of 105°, and at bottom with a force of 16°, giving 120 rt ns the angle 
representing the force with which the two electrified bodies repel each 
other, at the distance of 15° — or, at half the distance, we have quad- 
ruple the force ; at one-third the distance, or 7} l \ the force would be 
472°*5 -f 7°‘6 = 480°, according to the law of inverse squares. 

In like manner, reversing the electricities, we prove that the force 
with which two electrified bodies attract each other, is inversely pro- 
portional to the square of the distance by which they are separated. 

822. Demonstration of the second law.-- Having repelled the 
needle, no, by the excited hall, m, withdraw the latter, and touch it to 
a second metallic ball of the same size, insulated on a glass handle. 
The ball, m, parts with half its electricity to the second hall (827). 
Now return it to the torsion balance ; it will he found that tin* needle, 
no, is repelled to a distance equal to its former distance multiplied by 
the square root of one-half, /)' =■= D j/$. Tmich m again to the second 
ball, as before, and it will then repel the needle to a distance equal to tho 
first distance multiplied by the square root of one-fourth, D" 

and so on. 

Sir Wm. 8. Barrie, of England, by tho use of a bifilnr okctrometcf, 
wbt ;b substitutes the force of gravity for that of torsion, bus shown that the 
two laws of Coulomb are not strictly accurate, no lows the two ox<-it4'd bodies 
have the same sue and form, or unless tho sections < f the opposing parts art 
equal. The result of his determinations is, that ibu attraction is directly propor- 
tional to the number of points immediately opposed to each other, aud inversely 
to the square of their respective distances. 

823. Proof-plus. — For the purpose of determining the relative 
quantities of electricity that are found on the different parts of the sur- 
face of an electrified conductor, a contrivance called a proof -plant i« 

d. It le nothing but a s nail disk of tinsel, r metal, insulated, as in 
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the ball, m, of the torsion balance, fig. 558. This is touched to t be 
surface whose electricity is to be examined, and receive? therefrom % 
quantity of electricity equal to the sum of both of its own surfaces. It 
may then be inserted in the balance of torsion, or used cn any other 
electroscope. The electricity on the body touched is diminished to the 
same extent, but when the proof-plane is small, compared with the area 
of the excited conductor, no sensible error can arise from this loss. 
The most important source of error to be guarded against in the use 
of this instrument, arises from the effects of induction, presently to be 
explained. 

824. Electricity resides only on the outer surfaces of excited 

bodies, and not in their substance, or on their interior surfaces. This 
fact is attributed in part to the repulsive power of the electric fluid 
acting upon the particles of matter interiorly, thus driving the excite- 
ment to the outer surface, where it meets the non-conducting air, and 
is arrested. It is also due to the inductive influence of the electricity 
of surrounding bodios, and of the walls of the room. The following 
experiments will illustrate this law. 659 

A. Electrify the metal sphere, a , fig. 559, on an 
insulating stand, 1 , and approach to it the two hollow 
hemispheres of hra.es, rc, insulated, ami made a ecu- 
rately to cover the sphere. On rt moving them, a will 
he found without the leant trace of electrical excite- 
ment, as may he proved by a dedicate electroscope, 
while the two hemispheres arc fully excited. To remove the enveloping hemi- 
spheres is to remove the surface of the sphere, 660 

ami with them its electricity. 

11. Fig. 600 shows an insulated hollow sphere, 
with a hole in the top. When this is electri- 
fied, the proof-plane may las introduced by the 
opening, and placed in contact with its inner 
surface, without acquiring any excitement 
(provided care l*e taken to avoid the inducing 
effect of the edges of the opening, which may 
otherwise decompose the neutral electricity of 
the gum lac handle), while from contact with 
any point of the outside, the proof-plane ac- 
quires abundant excitement. 

0. Faraday has described a muslin hag in 
tho form of a net, fig. 561, sustained on an 
insulated ring of wire, and provided at the 
point of the cone with two insulated silk 
etrings, c c\ so that it may be turned inside 
out at pleasure, without touching it. When 
this is electrised rjrirriurfy, it may be turned 
Inside out by means of the strings, without a 
trace of electricity being found on the inside 
'which aa instant before was the outaide), and this may he r epea t ed several timae 
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Wore the electricity is dissipated. He ia in the habit of covering Ins most deli- 
cate electroscopes with muslin bags, to protect them from tho influence of excited 
electrical machines, with entire 
success. 

Fig. 562 shows a ribbon of 
metallic paper wound around a 
metallic axis, insulated by the 
silk threads rr; tiro pith-halls, 

« e\ are suspended by linen 
threads, at one end of tho rib- 
bon. When the ribbon is wound 
up, and the whole is elect rired, 
the balls of the electroscopes di- 
verge powerfully. If the ribbon | 
is now unwound by drawing the 
insulating string below, the elretr««s* ope balls gradually fall, and finally come 
almost in contact; but when the ribbon i> again wound up. the bulls diverge as 
before. This may be repented several times. This beautifully illustrates the 
relation of surface mui intensity. As tin* surface is increased, the same quan- 
tity of electricity is spread out over a larger surface, and its energy declines, but 
i# increased again us the surfuce is diminished by re winding the ribbon. 

I). It appears from these experiments that a ball of wood or pith, covered with 
tin foil or gold leaf, can accumulate on its surface ns much electricity ns if it wai 
of solid metal. 



It in thus proved that till the electricity with which a conducting 
body in charged, is disposed on its surface. 

825. Distribution of electricity. —The form of conductors influ- 
ences the distribution of electricity on their surface. In a sphere, the 
distribution is uniform, as would be anticipated from the known pro- 
perties of the solid. The proof-plane, applied to any part of an excited 
sphere, acquires, as tested by the balance, 
the same power. In an ellipsoid of revo- 
lution, like fig. 563, the proof-plane ap- 
plied at a, gives a much larger angle of 
torsion in the balance than at any other 
point, while the minimum is in the vicinity 
of e ; show ing a tendency in electrical ex* 
citeincnt to accumulate alxiut the extremi. 
ties of any solid having unequal axes. 

In. cylinders, the concentration of fon*c in within about two inches from each 
end. and is feeble at the middle. 8" in platcc, the maximum of nmimulattnn is 
about an inch from the edge. The name is true of the edges and solid angles 
of prismatic bodies. 

826. The power of point* {first investigated by Franklin) in con- 
centrating electricity is such that the excitement passes off, as rapidly 
as it accumulates, to the nearest bodies, or is diffused into the ambient 
air in an electric* brush or j encil, visible in the dark (842 (6) ). This 
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827. The loss of electricity in excited bodies, even when insu- 
jgted in the best manner, is constant, chiefly from two causes, viz. : 1st, 
the moisture of the air ; and 2d, the imperfection of the insulation. 
The loss from the first cause, in still air of average dryness, is propor- 
tioned to the state of electrical tension. Bodies feebly excited, and per- 
fectly well insulated in dry air, retain their state of tension for weeks 
or months, while those highly excited,, and not carefully preserved, are 
soon deprived of all electrical excitement. The rate of loss by imper- 
fect conduction is, of course, dependent on the non-conducting material 
used, the perfection of workmanship, and care of the apparatus. 

The loss of electricity by an excited conductor, when placed in con- 
tact with an unexcited body, insulated from the earth, is in proportion 
to the relative surfaces of the two bodies. One gains, the other loses. 
Two equal spheres will divide the whole quantity between them. If 
they remain in contact, the distribution is unequal, being least at the 
point of contact, and increasing to a maximum at 20° to 30° from the 
point of contact. The proof-plane determines exactly all such questions. 

In n vacuum, n high state of electrical tension is impossible, since the re- 
straining power of the air is wanting. Hut a feeble tension can be preserved in 
an exhausted receiver for a long time. The movement of the mercury against 
(ho walls of the tube of a barometer, excites electrical tension, and even lumi- 
nous electricity, as was shown by Cavendish. 


III. INDUCTION or ELKK'TKlt'ITV. 


828. Electrical Influence or induction. — Kvery electrified body 
is surrounded, so to speak, by an atmosphere of influence, analogous to 
that surrounding a magnet (783), within which every insulated con- 
ductor becomes also excited. Bodies so affected are said to he electrified 
by induction , having their neutral electricity decomposed by the tension 
of the excited conductor, exercised through the intervening air. 


Let the conductor, V, tig. 564, of an electrical machine, be approached within 
•ay six inches of an insulated metallic con- 
ductor, A 11. The rmall electroscopes, a o', 

•uapeuimi beneath i*..« ends, instantly diverge, 
and at the same lime are respectively attracted j 
to V, at A, and repelled from it at B. If V * 

It -f- A is — . and the remote end, B, it plus. 

The intermediate electroscopes, A A', alto di- 
verge, but in a less degree, while those near 
the middle, r ?*, do not diverge at alb If, 

wbilt thus excited, ABU withdrawn from V (care being taken not to I 
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?.»4uetlng surface), the electroscopes will presently ceaso to indicate any «*• 
citement The mlanation of these facts is, that the neutral fluid of A B haa 
lieen decompose!! by the influence of V, the + fluid being repelled to B, and the 
- attracted to A, while, near the centre (never exactly in the centre), a neutral 
is found, where no decomposition exists. When V, the disturbing cause* 
t* withdrawn, the two electricities of A B uuite again, and leave the conductor 
entirely passive. If, however, the conductor, A Ii, is made in two parts, joined 
at the uentral point, and each on a separate glass leg, when it is inductively 
excited, the two parts may be separated, and each part will thou be found, when 
removed from influence, to possess tho same excitement developed in it, under 
the inductive power of V. 

By means of a glass tube, or stick of resin gently excited, and approached to 
one of the electroscopes, it is, of course, easy to determine tho description of 
excitement in Y, which wc now assume to be -f~> 

829. The laws of induction nitty bo thus stated: — 1st. A body 
electrized by induction, possesses no more electricity than before. This 
is shown by the fact, tlmt as soon ns the inducing influence ceases, the 
two fluids reunite in A 11, and no trace of excitement remains. 

2d. If a conductor, excited by induction, is touched, or made to com- 
municate witli the earth in any part of its surface, it parts with a por- 
tion of electricity, always of the same name with the inducing body, 
and it returns the fluid of opposite name. If the inducing cause is 
then withdrawn, the insulated conductor remains excited, with the fluid 
of opposite name to that of the inducing body. 

Thus, we note the important distinctmns between a body electrized »by induc- 
tion and by conduction. Induction occasions no transtnisHion of free electricity 
to tho other body ; hut only a decomposition of the J-- electricities of the insu- 
lated conductor. Induction produces dissimilar conduction, similar electricity 
to that of the exciting body ; and the distance to which electricity of induclioii 
extends, greatly exceeds that to which It can be propagated by conduction, 
where absolute contact or very close proximity is required. A strong nniilogy 
exists between electric and magnetic induction. Both magnetism ami electricity 
by contact, are of the same name with the body touched. By influence, tho 
neutral fluid of the excited body is decomposed, and the polarities are in accord- 
ance with laws already staled. 

830. Induction is an act of contiguous particles.— I >r. Faraday 
has modified the usual view of induction just stated, by showing that 
induction never takes place at a distance, without polarizing the mole- 
cules of the intervening non-conductor, causing them to ussume a con- 
strained position, which they retain as long as they are under the 
influence of the inductive body. 

Because air and other non-conductors permit the passage of electrijiw 
influence in this manner, Faraday calls thenf r/iWecfric#, in distinction 
from electric f, or conductors which can become polarized only when 
insulated by some dielectric. Dielectrics differ in their specific indu* 
live capacity air being the lowest in the scale, os follows, viz.: air, X 
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min, 1*77 ; pitch, 1*80 ; wax, 1*80; glass, 1*90; sulphur, 1*93; chftlkoy 
1*95. # 

Tbe apparatus used by Faraday in determining the relative inductive capacity 
of air and other gases, is seen in fig. 565, consisting, essentially, of two metallic 
spheres, € and P Q, of unequal diameter, the smaller placed 
in tbe centre of the larger, and insulated from it by a stem 
of shellac or gutta perch a, A. Tbe two halves of the outer 
sphere join in an air-tight joint, like the Magdeburg hemi- 
spheres (257). The space, m n, may he emptied of air by an 
air-pump, controlled by a cook in the foot, and filled with 
any other gas or fluid. This apparatus resembles the Ley- 
den Jar (847), with the advantage of changing the intervening 
dielectric at fleasure. The balls, C and I? , constitute the 
clarged conductor, upon tbe surface of which all the electric 
force is resident by virtue of induction. As the medium in 
in u may he changed at pleasure, while all other things re- 
tnuin the same, then any changes manifest by the proof- 
plane and torsion balance, will depend on changes made in 
the interior. The same end would be reached by having two 
exactly similar iuduetive apparatus, with different insulating 
media. When one was charged and measured, the charge, 
being divided with the other, the ultimate conditions of both indieato by the 
torsion balance whether or not the media had any specific differences. (For 
further details, see Puruday's Exp. Res. 1197.) 

831. The attractions and repulsions of light bodies (811) can 
bn explained only in view of the phenomena of induction. The exeited 
tube or remit, decompose* the neutral electricity in the pith-ball* or 
bits of paper, repelling; the electricity of opposite name, and beirg thus 
left of an opposite excitement to the rod or resin, they become attracted 
to the exciting body, in obedience to electrical law*. All cases of elec- 
trical repulsion are equally referable to attraction under inductive 
influence. Thus the apparent repulsion of the two pith-balls in an 
elect roscojoj, is really the effect of the attraction of surrounding bodies, 
whose electrical equilibrium is disturbed by the inductive influence of 
the exciting cause. 

The following experiment illustrates, in an interesting manner, the develop- 
ment of electricity, and the attractions and repulsions of light bodies by induc- 
tion. Support by its edges a pane of dry and warm window-glass, about aa 
inch from the table, on two pieces of dry wood, and place beneath it several 
pieces of paper or pith -balls. Excite the upper surface by friction with a silk 
handkerchief, tbe electricity of the glass becomes decomposed, its negative fluid 
adheres to the silk, and its positive to the upper surface of the glass plate; this, 
by induction, acts ou the lower surface of the glass, repelling its positive elec- 
tricity, and attracting its negative, the intervening dielectric being polarised aa 
explained, and the lower surface of the glass electrified by induction through 
its substance, attracts and repels alternately, the light bodies, like the excited 
tube (811). (bird.) Numerous experiments, illustrative of induction, are five* 
under the electrical machine. 
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832. Electrometers. — Cavallo's, Volta's, sod Bennett's —The 
electroscopes mentioned in section 813, serve to indicate the presence 
and name of the electricity. Electrometers are designed to give ap 
proximate measures of the quantity of eleo- 660 

tricity. 

Fig. 666 shows Cavallo’s electrometer — a bell- 
jai with a metallic rod And button, 11, sustaining 
two pith-balls, m, at the cuds of two wires. Volta 
substituted for the two pith -halls, two delicate 
blades of straw, /». Tlennctt replaced these by 
two strip* of gold leaf, «, placed face to face. 

When the knob, II, receives electricity, the pith- 
balls, straws, or gold leaves, diverge, und by tbe 
degree of tbeir divergence, measured on a graduated are, the intensity of the 
electricity is judged of. Two strips of tin foil, r r', are 
pasted to the inside of the glass hell, to discharge the 
diverging leaves, when they lire repelled, so as touch the 
sides. Otherwise the inside of the glass jar would be elec- 
trified by induction, and render the apparatus useless ; and 
to avoid dampness, the top of the bell is varnished, and the 
air within, dried by quick lime. Approaching an excited 
body towards 11, the gold leaves diverge, because tbe posi- 
tive fluid, if the excitant is positive, is driven into them, 
while the negative is attracted to It. Touching H with the 
Huger, the positive fluid passes ofT to the earth, but on 
withdrawing the finger, the leaves diverge under the influ- 
ence of the negative electricity remaining in the apparatus. 

Fig. 667 is a sensitive form of gold leaf electrometer, with 
brass condensing plates, jj St 6, and a cup at top to illustrate the efiout of evrpora 
lion in producing electrical excitement. 

Hare's single leaf electrometer, and tho condensing electrometer, are men; lonuil 
in section 846, and Ilohncnherger’s under the dry pile, g ST.'l. 

IV. ELKCTKIt'AL MACH INKS. 

H33. The electrophones. — Any apparatus by which electrical phe- 
nomena may be obtained at pleasure, ia an electrical machine. The 
simplest apparatus of this sort is Volta's electrophorus , or carrier of 
electricity, invented in 1775. 668 669 

A cake of resin, or a disk of whalebone- 
india-rubber. or gutta pc re b a, eight or 
teu inches in diameter, is excited by a 
fur or warm flannel, and a smaller disk of 
brass, or tin plate t wit n rounded edges), is 
planed on it by an insulating handle. Touch 
the upper surface of the metallic disk with 
tbe Anger (fig. 668), in order to allow tbe 
escape to the common reservoir (816) of the 
negative electricity, resulting from the decomposition of tbe neutral fluid is the 
Metallic plate by tbe excited resin. Now removing the finger raise tbe disk by tfc 
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Insulating handle, and approach its edge to any conductor, as the knuckle, Ig. 
5d9; immediately a strong spark is seen, due to tbs free positive electricity 
existing in A. Place A on I i again, touch it as before, aud the same result 
may be obtained as often as desired, if A is left in repose upon B, it will remain 
charged a long time, even for weeks, and a Leyden jar may be charged with it at 
any time: on the table of the laboratory it 570 

may be more conveniently used than un ordi- 
nary electrical machine for exploding gases. 

The section of the elcctropborus, seen in fig. 

570, shows how the inductive action of the 
excited resin nets, in affecting the electrical 
nomenclature of each surface, as indicated by 
the signs -f and — . 



The phenomena involved in the electrophorus are identical with 
those explained in $ 820. Of course, if the plate, A, were raised 
without touching, it would manifest no electrical excitement; the two 
luids re-combining as in the insulated conductor, fig. 5G3. 

834. The cylinder electrical machine. — When larger quantities 
if electricity are required than can be obtained from the means already 
described, resort is had to machines of larger size, and more power, all 
jf which, however various in form, consist principally of three parts, 
vix. : 1st, a non-conductor, usually of glass, revolving on a horizontal 
axis, and producing friction ; 2d, a rubber % against which tl\e non 
conductor presses. The rubber is a soft, elastic non-conducting body, 
as a cushion of leather, usually armed with amalgam, to be descril>cd 
hereafter. 3d, two conductors , usually of brass, mounted on glass sup- 
ports, one to receive the -f and the other the — electricity. 

la the cylinder muchiuc, fig. 571, u smooth cylinder, M, of glass, insulated 
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Md filled with perfectly dry air, is revolve! by the winch before the robber A 
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MUUltxi on the luiuliied prime conductor, A, and covering about one eighth 
•f its surface: an apron of silk is usually attached to the upper edge of the 
rubber, and extends as far as the points, l\ on the second conductor, 11, designed 
to receive the -r- electricity excited at C. If the connecting rods, K I), are 
Approached as in the figure, and the ryliuder is revolved, and there is no con- 
nection with the earth, then the 4“ electricity accumulated on the positive con- 
ductor. will reunite with a spark with the — electricity of the negative conductor, 
A, again to be decomposed as before at 1’. If the negative conductor, A, it 
connected with the earth by a chain or metallic thread, then, when the machine 
is worked, a continuous flow of sparks of positive electricity will pass from tht 
positive conductor. B, to any conductor near enough to receive them. But if A 
is insulated, and 11 is connected with the earth, then from E, a continuous (low 
of negative electricity is obtained. In this case a flow of positive electricity 
takes place from the cushion, t\ through the conductor, It, to the earth, thus 
leaving the conductor A charged with negative electricity. Thia form of cylinder 
machine was designed by an Englishman named Nairuo. 

Amalgam. — No considerable quantity of electricity can be evolved 
from an electrical machine of glass, unless the rubber is edcitod with 
an amalgam composed usually of four parts mercury, eight line, and 
two tin. mixed with some unctuous matter and spread on sulk or leather. 
The zinc i* firNt melted ; the tin is added, and the mixture stirred, and 
poured, not too hot, into a wooden box, coated inside with chalk, and 
into which the heated mercury has been first poured. The lid is put 
on, and the box violently shaken, until the amalgam becomes cool. It 
is then finely pulverized in a mortar, and becomes as soft as butter. 

Kdo. Ramsden'a plate machine, as its name indicates, has a plate 
or plates of glu** substituted for the cylinder. This form of appurutus 
is seen in fig. 572. The plate, F F, is revolved by the winch, M, sus- 
tained in a frame, 0 0, of baked wood. Two pairs of spring cushions, 
a c, armed with nmalgatn. produce friction. The conductors, C- C, collect 
the electricity from the glass by the points seen on the inside of their 
curved branches, placed near the surface of the plate. Kuril of the 
cushions is connected with the earth by the conductor, 1>; strips of 
tin foil pasted upon the edges of the frame, 0, and shown in 6 73 
the figure unshaded, communicate between the four sets of 
Cushions and the chain L>. 

Kamsdon's apparatus originally gave only positive electricity. 

It was so mollified by Von Maruin as to obviate this defect. This 
form of electrical machine was contrived by llamsden, of London, 
in 1776. 

The earliest electrical machine was mode by Otto V. (luericke 
(who invented the air-pump), and was a globe of sulphur or resin, 
driven by a motor wheel, the hand being used for friction. A cone of sulphur, 
fig. 573, cast in a wine-glass, and provided with a glass rod as a handle,, serves 
to illustrate this early electrical apparatus. But hard india-rubber Is a more 
tooveuient and certain source of negative electrical excitement. 

* In the United States, our mechamciaiu have brought all apparatus 
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for electric* illustrations to a degree of perfection leaving little to 
desired. 

ITS 



do6. The American plate electrical machine. — The form of 
plate machine commonly adopted in the United States is seen in fig. 
574 (from Ititrhic). It is arranged for the exhibition of both electrici- 
ties at pleasure, and has a prime conductor on a movable stand. 

Dr. Hark has very ingeniously met the difficulty of obtaining both 
electricities from the plate machine by making the plate revolve hori* 
iontnlly, and thus allowing the positive and negative conductors to 
stand like arches in two vertical planes at right angles to each other 
above the plate. Am. Jour. Sei, [l] VII. 108 .) Dr. Hare was an 
ardent supporter of the Frankliuian hypothesis, and this apparatus 
was contrived to sustain his Arguments in favor of that view. 

837. Large electrioal machine — Ritchie's doable plate am* 
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tfelSM. — Tbe largest electrical machine hitherto constru tod, no briiMMi 
aitiaed, ii that made for the University of Miseissippt, at Oxford, under iht 
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direction of President Ilarnard, hy Ritchie, of lloston. The g enera) construction 
of this gigantic electrical apparatus may t»c understood from fig. f * 7 f» (frontis- 
piece). in which, however, the prime conductors are not shown. These, for 
greater convenience of manipulation, tire made movable on separate supports. 

This machine has two plates of French glass, each six feet in diameter, sus- 
tained by an insulated steel axle, upon eight out- glass supports, on n frame of 
rosewood. The plates are excited hy four pairs of rubbers, made of brass, and 
lined with fine wool felt three-eignths of an inoh thick, such its is used for tho 
damper* of the grutid piano. These are covered with firm India silk, upon 
which the amalgam is spread, Rubber* of this construction are found to be far 
more efficient thin those in general use. The prime conductors of this machine 
expose fifty squ.,re feel of polished brass cylinders in three sections, about one 
foot in diarnetet by seven in length, sustained also on cut glass insulating pil- 
lars One turn jf this machine fills the apartment with an overpowering odor 
of ozone. It is so arranged as to afford negative electricity from four rubbers. 
Odd battery for this machine contain* one hundred and twenty glass hells, 
arranged in detachments, whose eoated surfaces expose alxitil ninety square feet 
of area. No detailed description of the performance of this superb machine 
has yet been rm.de public. It cost over three thousand dollars without its bat- 
teries. 

The Tyler ian machine.— The largest and most famous plate machine 
mentioned in ti e books before that of Ritchie, of Heston, both on account of Its 
rise and perfi r nance, was made hy C'uthbertson for Yon Marum in 1764, and 
t was placed ii .he Tylerian Museum, at Haarlem, In Holland. It was a double 
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plat* machine, each plate sixty-five inches in diameter, with eight cue atone, 
nearly sixteen inches in length, and twenty-three and a half feet surface in the 
conductor. It gave three hundred sparks twenty-four inches long in a minute 
forked like lightning, and with rays six or eight inches long, branching f-out the 
angles of the flash. It deflecLed a thread six feet long, six inches from a per* 
pendicular, at a distance of thirty-eight feet, and the balls of Cavallo's electro- 
seope (832) diverged half au inch asunder when forty feet distant from it. The 
prime conductor was supported on three glass pillars seudiug out collecting 
branches between the plates. Two, and sometimes four men, were employed 
(b turn it. When in full force, a single spark from the conductor sufficed to 
burn and dissipate a strip of gold-leaf twenty inches long, and one and a half 
lines wide. A pointed wire exhibited the appearance of a luminous star when 
beld twenty-eight feet from the conductor. 

All glass is not equally fit for electrical plates ; that which is white, hard, and 
free from bubbles, is most esteemed. If too much alkali is used in the compo- 
sition of the glass, its surface attracts moisture, and soon becomes dump and 
rough. Such a plate is worthless. The preference given to old plates is due, 
probably, to the fact, that their composition has enabled them to preserve their 
properties uninjured. 

838. Care and management of electrical machines. — Perfect 
insulation and freedom from dust and roughnesses, are essential to the 
good condition of all electrical machines. For this end, the glass 
columns are varnished, to avoid the deposition of moisture, and all the 
polished surfaces of metul, as well as the glass, must he kept quite 
clean, and free of dust. If the surface of the cylinder or plate 
becomes streaked with amalgam, it must he wholly removed. It hi 
belter not to put any amalgam into immediate contact with the gloss, 
but to spread it upon the cushion pretty thickly, and then to cover it 
with a piece of silk ; a sufficient quantity will pass through the silk, 
as the machine is worked. 

If the glass becomes greasy, it is best washed with rectified eaniphenc, burn- 
ing fluid, or other. It is indispensable that the surface of the utnalgarn should 
be in good metallic communication with the earth, which is orcomplndied by the 
Use of tin foil, or tinsel Cushions shifted with metal filings are preferred hy 
•ume. chiefly for this reason A cushion or ruhtar made of two or three fold* 
of cotton flannel, between which is laid a continuous strip of tin foil, of the 
•nme six© with thr rubber, works exceedingly well. Kitchic prefers piano felt. 
Amrum mhhmsm (the bisulphuret of tin), a yellow brou/y powder, is an excel- 
lent substitute for amalgam. It is supposed to sutler chemical decomposition 
When to use, and so to quicken the activity «f the machine. Finally, a dry 
Winter air is indispensable for the best working of an electro al machine ; hence, 
radiant beat, falling on the machine, or an apartment heated by a dry furnace 
Air, it especially favorable. In carpeted rooms, it is desirable to councct tha 
rubber with a gas fixture, to secure a good communication with the common 


839. Electricity from steam. — Armstrong's hydro-electric much inn, 
fig. 576, is designed to illustrate the development of powerful electrical 
•fleets from high steam ; a fact well kuowu to ail concerned in the 
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•Mnagement of locomotive Meatmen glues, but first scientifically nut iced 
in 1840, by Mr. Armstrong, at Nowcast le-on-Tyne. The apparatus 
which he contrived to show these effects, 67® 

is a common high pressure steam boiler, 

( about three feet long and twenty inches in 
diameter, mounted on insulating pillars, 
and strong enough for a pressure of 1(H) 
lbs. to the inch. The steam is suffered to 
escape by jets, A, of n peculiar form, on 
the side of the box. B, into which it is ad- 
mitted by the cock, (\ Faraday, in inves- 
tigating the electricity of steam, found 
that dry steam gave no excitement, and 
that the electricity resulted from the fric- 
tion of vesicles of water against the sides 
of the orifice, llmn-e. B contains a little 
water, over which the steam escapes, and is partially condensed. The 
jet has an interrupted passage, seen at M, to produce friction, and its 
noxr.lc is lined with dry t>ox or partridge wood. The vapor escapes 
against a plate, P, covered with mctullic |K»ints, to colled the electricity 
and ending in a brass ball, 1>, insulated from the earth. The boiler is 
negative, and positive electricity is collected at J), provided the w liter 
is pure and free from grease. Turpentine, and other volatile essences, 
reverse the polarity, while grease, or steam from m id. or saline water, 
destroys all excitement. If the uoxxln of the jet ends in i\ory or metal, 
there is also no excitement. A boiler, such us is described, will develop 
in a given time, as much electricity as four plate machines forty inches 
in diameter, making sixty turns a minute; a truly surprising result. 

840. Other sources of electrical excitement. — 1 . The bands of 
leather, India-rubber, or gutta-percha, used to diivu machinery, some- 
times become powerful source.- of resinous electrical excitement, giving 
sparks of negative electricity over twenty inches in length. 

In cotton mills, so much rivet ri* ity i* tlun* ret free, that it bmnnrs necessary 
to let steam into tbc earning and roving room*. to mod ito-on v^ip im-c from the 
repulsion? rod attraction* of the cotton. A leal hern Kami, in* nhoind by Mr, 
liacheldvr (Am. Jour, Sd [2] 111 , 2M»i, gave sparks to the fing«>i at three feet, 
and a luminous brush, to a Mec-l point, at seven feet The discharge from leather, 
as from atl bad conductor?, i» loi-al, or danger would attend it. 

Dr. Franklin, in a letter to Ilowdoin, suggi *N-d, for a portable electr *al ma- 
chine, a crossed band of stuffed leather, moved by a wineh over drums. 

2. The friction of shoe-leather on woollen carpets, in houses warmed 
by hot-air furnaces, or steam, in cold weather, is a fertile and curious 
scarce of negative electrical excitement. 
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Tbi young people in the uitbur'i bou<e find no unfailing loaree of imn< 
■sent in cold weather, in giving electrical shock a, by kisses and otherwise, to 
nowary people, or in lighting the gas by a spark from the linger, or a key- 
handle, after running briskly over the carpet- Prof. Loomis bar noticed these 
effects in detail in the Am. Jour. Rci. [2] X., 821, and XXVI., 686. They 
appear to be unknown* in Europe, owing probably to the fact that European 
houses are seldom warmed and dried by hot-air furnaces. 

841. Theory of the electrical machine. — The phenomena >f the 
electrical machine may he explained, either on the theory of one or two 
fluids. The explanations of induction (828), already given, apply 
equally to the development of free electricity, upon the prime condue- 
tors of electrical machines. When the machine is turned, the neutral 
electricity of the rublnsr is decomposed, the positive fluid follows the 
glass, until coining opposite the points on the prime conductor, the 
negative electricity of the conductor flows out, to unite with the posh 
tive of the glass, while the }K»dtivc fluid of the conductor is repelled to 
the other end, thus leaving the prime conductor powerfully positive. 
Reaching the rubber, the neutral fluid of the glass is there decomposed, 
its negative portion seeks the common reservoir, and the positive fol- 
lows the revolving glass to the points as before. The condu ctor does 
not acquire positive electricity from the plate, but gives its negative 
thereto, thus becoming itself positive. 

It Is still an open question whether the action of the amalgam is chemical or 
mechanical (S.’W). It is certain that an amalgam of silver, or gold, does not act 
to excite electricity, like amalgams of oxydizahle metals; ami Ilr. Wollaston 
demonstrated, thut the latter did not act in an atmosphere of carbouic acid or 
nitrogen, free of oxygen. 

In all cases, the discharge of an electrical conductor, by a spark or otherwise, 
il accompanied by the induction of an opposite excitement in the body receiving 
the shock, whose opposite electricity, uniting with that of the conductor by a 
forcible disruption of the intervening dielectric, produces the sound and flash 
of the electric discharge. 

842. Experimental illustrations of eleotrical attractions and 

repulsions. — A multitude of instructive and amusing experiments 
mny be made with the electrical machine, illustrating the law of attrac- 
tion. A few jiiuM suffice. 67T 

1. The insulating stool is a bench with 
glass legs. fig. o77 hoard on four black bottles 
answers perfectly i, on which a person may stand 
or sit, while in communication with the electri- 
cal machine. Being thus insulated, the free 
electricity can escape only through the sur- 
rounding air, — approaching the kuuckle to any 
part of the person or dress of one so situated, 
a strong spark is received. Except for the hair being repelled, the ] 
charged is not eons dous of any change from am ordinary stale. A doll's hand! 
With paper hair, set upon one of the conductors, is a common electrical toy 
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X Stanley's eleotiosoope, fig. 578, serves io mark the degree of vcnsion 
hi the machine by the repulsion of a pith-ball at the end af a straw : it it 
mounted on one of the conductors, and in dry 678 679 

weather remains extended a long time, but in 
damp weather falls immediately, when the ma- 
chine stops. 

3. Electrical bells, fig. 679; the hell*. A 
an \ B, are suspended by a metallic thread, from 
the ends of a cross-bar of metal hung on the 
machine; the bell, C, and the two dappers, are 
bung by insulating threads. C is connected with 
the earth ; and when the machine is worked, A and 
B become positive, and by induction C becomes 
negative, and the little clappers being alternately 
attracted and repelled, a constant ringing i» kept up ns long ns the excitement 
lasts. If the machine is too active, lumiuou* spark." puss, ami the lu lls remain still. 

The bells may he conveniently arranged on an independent foot, as in fig. 80. 

4. Volta's hail -Storm is a contrivance designed to show how (in Volta’s 
view) hail might be produced It is a larger way «f 

•bowing the snine farts already 
glass bell communicates with 
the machine, fig. 6S1, above, 
and rests on a metal plate in 
communication with the earth. 

When the machine is worked, 
the pith-halls oti the plate are 
violently agitated, being drawn 
up and repelled again actively, 
while the excitement lasts. A 
simple hell -glass, or large tum- 
bler. electrised by contact of its , 
interior surface with the con- 
ductor of an electrical machine, 
answers quite as well, and may 
be placed over a heap of pith- 
balls on the table ; they are 
violently thrown about as long 

as the excitement continues. The dance of puppets, fig. b Hi.’, is only a t 
tution of little figures of dancing peasants, made of cork or 682 

pith, and placed between two metallic plates. 

5. The electrical wheel is composed of several 
points fixed in a centre, so balanced as to rest on an upright, 
sustained on one of the conductors, fig 6M3 ; as the machine 
Is worlteu, the escape of the electricity from the points reacts 
on the air with sufficient force to revolve the wheel wifh acti- 
vity. The existence of such a current of air, roused by the 
•scape of electricity from points, is further shown : — 

6. By a candle flame ; a candle, fig 684, held before 
the poiut, has its (lame blown aside by the rush of air accom- 
panying the electricity. If the candle is placed as a conductor, 
tad a point is held out to it, the direction of the flame is altered by the reverse 
fluid induced % u |V e point, fig. 686, 

4 » # 
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Th.* experiment ha* Wn called th e electrical blou>-pipc. The rush of air fret* 
the point* may he no energetic from an active machine, as to extinguish Dm 



from points, but a Leyden jar tn»y be silently charged from them. Masts and 
yard* of ships are often seen thus tipped with fire (called St. Klmo’s fire) in a 
thunder storm. If the point in covered with a hall ut> inch or two in diameter, 
its peculiar action censes, and th*- hall emits sparks. 

7. Franklin's spider, Kllicott's electrical water pot, the inclined plane, and the 
electrical planisphere, are other w-ii known forms of apparatus, designed to 
show the sarue principle. The catalogues of all leading instrument-makers, 
contain numerous additional illustrations to tlo- same cud. 

V. ACtl MUI.ATKt* KLUfTHH m A Mi ITS EFFECTS. 

843. Disguised or latent electricity.— The phenomena of induo* 
tion, already explained, have a curious and moat important extension 
iu the subject of thin chapter. When two equal and insulated conduc- 
tors, equally excited by the two opposite electricities, are separated 
from each other by only a thin plate of glass, or other dielectric inato- 
rial, no signs whatever of any electrical excitement are communicated 
by either to tin elect ros t; . pc connected with them. The dielectric pre- 
vents the union of the opposing electricities, hut not their mutual 
inductive action, whereby their presence is entirely masked to sur- 
rounding bodies. 

Ketnoved to some distance from each other, each manifests free eleo* 
tricity, by the divergence of its electroscope. But if they are onc« 
more brought together, this evidence of excitement again disappears, 
and mo on, until the imperfect insolation of the air gradually neutral* 
Ues nil free electricity. 

When so situated, the electricities are said to tie latent or disguised,— 
paralysed by their mutual attractions. 

814. The condenser of 2Bpiuu». —The phenomena of disguise*, 
v are illustrated by the use of various condensers, consisting 
ly of two extended metallic surfaces, and an iusulating JMt- 
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dium. They are sometimes adapted to a ^cumulate electricity of high 
tension, and sometimes their aid is invoked to render sensihle, quanti- 
ties of electricity otherwise insensible. 



The condenser of JKpinus, figs, 5S$, 587, is designed for the former purpose. 

fwo polished metallic surfaces. A i\ with - 0 . 

i . ....... 58$ 687 

electroscopes, a b, end an intermediate 

thin glass plate, It, fig. 5$7. are all 
mounted ol insulating glass pillars, and 
elide in a groove cut in the ha*t\ In fig, 

68$. the two disks are placed in do 
contact with the intervening duleetrie, 

II. while, by the chain, w, poMtive elec- 
tricity flows into A, from the excited 
conductor of an electrical machine. 

bid A stand alone, it could only receive so much electricity as would raise its 
surface n» th*- Mime (ciiMon with the prime conductor of the machine lint this 
condition is wholly changed by the presence of the second plate, (\ rut oft from 
actual contact with A. by the dielectric, It, but entirely within its inductive in* 
fluence. A part of the natural fluid of C is at once decomposed by this influ- 
ence of A. attracting it* negative fluid to the inner surface id (\ and bolding it 
there, while the corresponding positive fluid from <\ is expelled by the conduc- 
tor. ««, to the earth. N«» tree electricity would remain if it were possible for B 
to exist and act as a dielectric without thickness : but, as this is evidently im- 
po-ndda, it happens that a little less negative fluid is drawn to the surface of 0, 
than exists of positive on A, b\ reason of the thr*knc*«s of It. (’iinse<|tienlly, 
tin eh-ctroseope on A remains slightly elevated (residual charge ), even after 
porno time, while that on C continues wholly passive. 

llut t lie neu trail ration of As positive fluid by the decomposition of an equiva- 
lent of natural electricity in ('. results in diminishing the tension of A, to th® 
low degree corresponding to its residual Irer electricity lienee, A can reeeivo 
a fre*h charge from the machine, raising its tension to its first condition, and 
inducing the decomposition of a fresh portion of neutral electricity in (' a® 
before, and thus the action proceeds, until the whole of the natural fluid of both 
plates is decomposed and disguised, or rendered latent, excepting that small 
portion which at each instant constitutes the f, re electricity, equivalent to th® 
difference due to the thickness of B. and which, as we hove seen, would he null, 
if H could he conceived of as having no thickness. It is this small residua 
which constitutes the roidual charge in the Leyden jar. 

In performing this experiment, the knuckle may serve as a conductor to th® 
earth, in place *f when a rapid series of sparks will lie received (positive 
electricity j. constantly diminishing, and ceasing with the maximum charge of 
A and C. This point of maximum charge j» dependent on, 1st, the extent of 
surface in A l 1 , 2d, on the tension of the prime conductor; and 3d, on th® 
thickness of B. 

When the point of saturation in A and B is reached, and all the electricities 
Ofcisiblc are disguised in the condenser, the pendulum on A still shows only a 
feeble excitement, although both A and B nre in a state of extreme tension. 
Withdraw, now. A and (’ from B, a? shown in fig, 587 ; now, the elect roscopos, 
A and B, both show high excitement : restore the plate again as at first, and 6 
become i again entirely passive, while a shows the same feeble excitement at 
The opposing fluids u A and C are wholly occupied with their mutual 
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attracts ns, and only the small excess of -f- fluid ** free, M already explained 
to affect the electroscope, B. The platen, A and C, are now fully charged will 
disguised electricity, rendered lutent by mutual induction*, and the polarisatios 
9( the dielectric B. Although apparently passive, they are actually in a staU 
ef high tension, an may be proved by their discharge. 

84.5. Tho discharge of the coudenser may happen in three 
ways: — 1st, insensibly ; by the imperfect insulation of the supports, 
especially if the air is damp; but always gradually. 

lid, by tho disruptive discharge. If the plate, B, is too thin in rMen 
•nee to the extent of surface in A and C, the tension of the opposing 
fluids will overcome the cohesion of the glass, B, and it will l>e shivered 
in pieces, with a loud explosion, and brilliant spark. The same spark 
and explosion may take place without destroying the dielectric, if we 
use a discharging rod, to effect communication between A ami C. This 
apparatus is either single, as in fig. 

688, or double, as in fig. 589. If 
this rod is provided with glass in- 
sulating handles (us in the figures), 
tho experimenter feels no sensation ; 
but otherwise, or if A and C are 
brought into connection by the 
naked hands, then a powerful shock 
is experienced, convulsing the whole 
frame. The same sensation, in a 
feeble degree, is felt when the 
knuckle receives the sparks of an excited machine. 

3d, and lastly, the charged plates may he slowly discharged by alter* 
note connection with the earth. While the condenser is in the condition 
indicated by fig. 686, touch 0 with the finger; no effect follows ; touch 
A, and a feeble spark is received ; the electroscope, «, falls, while, at 
the same instant, that on C is raised to the same degree, showing that 
what A has lost in free positive electricity, C has gained in free nega- 
tive fluid. Touch 0 ; a slight shock, a feeble spark, and the fall of the 
electroscope, B, ensue, while the electroscope on A again manifests its 
original excitement. Thus, by the alternate discharge of A and C, tho 
whole of their disguised fluids are gradually set free and discharged. 

846. Volta’s condensing electroscope.— This instrument de 
pends on the principles just explained, and is used to render sensible 
by condensation, electricity of too feeble a tension to affect the ordinary 
gold-leaf ©let trometer. 

The plate A. fig. WO, is covered with waxed silk, slightly larger than the 
disks; this take# the place of the dielectric, B, fig. 5Hfi. When the instrument 
fti used the uppe* plate if placed in the position shown in fig. 591, and its far 
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Am U touched with the body whew excitement we would tnetaur*) a. p» a 
crystal of tourmaline. At tho sane tima, tht under 600 

surface of the* lower plate 
(in connection with the gold 
leaves), is touched by the 
moistened finger of the other 
hand The influence of the ex* 
cited electric acts in this case 
exactly as has been already 
explained in the condenser of 
A£pinu*. No divergence is 
seen in the g«*hl leaves, until 
the upper plate of the conden* 
ecr is raised, as in fig. 690, 
when the gold loaves promptly 
diverge : this actiou being 
heightened by the inductive 
influence of two little halls of 
polished bra?*, rising within 
the glass as high as the lower 
edge oi the gold leaves 

Dr. Hare'* single gold- 
leaf electrometer. — In 

thin instrument, a single gold leaf, about three inches long, by one-third 
of an inch broad, is bung by ft brass rod from the top of n bell or globe, 
as in the lust instrument. Immediately opposite to the lower end of 
the leaf, a similar rod of metal passes through an opening in the side 
of the vessel currying a gilded disk of wood or pa|»er half an inch in 
diameter. This lateral rod is graduated to measure small distances. 
To use this instrument, the lateral rod is put in communication with 
the earth, ami an electric is brought in eontaet with the upper disk, 
when, if the distance between the leaf and the lower disk is small, tho 
most minute attractive force is detected. In the original &92 
instrument. Dr. Hare employed a plate of /.inc, on an 
insulating handle, and one of copper on the instrument 
arranged as iu Volta’s electrometer, when the simple 
Reparation of these two disks would evinee a tenfold deli- 
acy of action compared to Volta’s condenser* 

847. The Leyden jar. — Accident led to the discovery 
of this remarkable piece of apparatus, long before its 
principles were made clear by the condenser of JEpinus, 
and the explanations of Franklin. It consists of a thin 
glam jar, fig. 592, coated inside and outside with tin foil, 
aa far aa the bend of the neck. The inner snrface is extended by the 

+ Bare's Mechanical Electricity, Philadelphia, 1836, p. 29 
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wire, carrying a brass knob at top, touching the inner coating by a 
piece of chain or wire, and sustained in its place by passing through 
a non-conducting cover of dry wood. 

Tbs relations of the jar and the two metallic coatings, will be seen by fig. 593, 
showing in section a Leyden jar. the parts of which are separable, and its wire bent 
conveniently into a hook, to suspend it on the machine. It will he seen at a glance 
that this arrangement is identical in principle with the condenser of A2pinns, and 
tlio electrical plates of Franklin. If the knob, L, of the Leyden jar, insulated 
upon a stand, fig. .094, is presented to the conductor, n, of the electrical machine 
in action, only a single spark or so, will enter it, unless 594 

a way it provided, as by the conductor, c, for the escape of 
the similar electricity from the exterior coating, 
while it* opposite is then fixed as in C, fig 587. 

The charging of the jar then proceeds, and for 
etery spark which darts from a to b. a correspond- 
ing one of simitar electricity, is seen to escape 
from the outer coating to r. When it is held in 
the hand, the same effect follows through the arm, 
accompanied by a slight twinge in the nerves 
Presently the point of saturation is reached, and the two decomposed electricities 
are latent. Either coating may fie fearlessly touched alone, but as soon ns by the 
discharger or otherwise, communication is made between them, a loud *nap and 
brilliant spark follow with a violent chock. 

The invention of the Ley don jar, or vial, is commonly attributed to Cunn'u* 
nr Muschenhroek of Leyden, in I7lf». Von Kloisl. dean of the chapter at Coiniu, 
in Pomerania, also independently discovered this important instrument by a 
similar accident. 

With a view to fix elect rieity in ionic insulated subitum*,, Ciinjvus, in 1746, 
led electricity into a small vial containing water, bv a bent nail thru*! through 
the cork, and hung upon the prime conductor. Endeavoring, in one of theso 
trials, to detach the \ ial and tnttl from the electrical machine, ( urseus, to his 
great ninarcment, received a indent shock. Von Kleixt, in the course of a 
valuable series of experiment* i I T If* > on electricity, led the fluid hy a brass 
wire or pin into a botih containing mercury ** As soon/’ he snv*. "ns this 
little glass, with the pin. is removed from the electrical machine, u flaming 
pane'll issues from it so long, that I have been able to walk sixty paces in the 
room with this little burning murhinc; ami if the finger or a piece of money 1* 
held against the electrified pin, the stroke coming out is so strong that both 
arm* and shoulders are shaken thereby." 

This di*co\« rv of so w<iol#rfu! a power in nature, before unsuspected, created 
immense excitement over the civilised world, and it was precisely at this time 
that Franklin immortalized himself by his contributions to the new science. }{# 
explains the action df the Leyden vial by hi* single fluid hypothesis, in his 
M Observations and Experiments on Electricity," in a manner which most erer 
Win for him the reputation of a profound phtlo- 595 

•opher. 

848. Electricity in the Leyden jar 
resides on the glass. — In fig. M>5. the 
jar, A, in composed of the three sejmrnb 
pieces : B, the gla*H, C, its outer, and I), 

-It inner metalTo coatings. When this jar it charged, and set on 
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insulating surface, it may be separated into its three parts without 
being discharged; but C and D will then he found by the electroscope 
entirely free from excitement, while B remains strongly excited. Put* 
ting the parts together again as in A. the jar will be found charged as 
at ficst, if the air is dry, and too much time has not passed. 

849. The electric battery. — As the charge of the Leyden jar is, 

other things being equal, directly ns its surface, large jars are plainly 
of mire power than small ones. But a limit of sire is soon reached, 
which the thickness of glass required for strength, and other circuit!* 
stances, render it unprofitable to pass. Hence several coated jars, of 
moderate sire, are united by joining nil their inner coatings by metallic 
rods, and all their outer coatings by a common conducting base, as 
shown in fig. 5%. Such an 'arrangement 60ft 

is called an electrical battery. When 
charged from a common source, and dis- 
charged in the u«iml way, they all not as 
one great jar, the result being not quite 
in the ratio of the number of jar*, but „ 
nearly so. Hence, the smaller the num- 
ber. the thinner the glass, and greater the 
si/.e of the jars, the better, and se\eral * 
batteries of seven and nine jar**, united t«» the charging rials of thu 
central jars, are preferable to more extended single series. They are 
charged bv runner ling the interior with the prime conductor by f, 
and the exterior with the earth. If the buttery is extensive, ami tho 
machine powerful, great caution is requisite to avoid receiving its 
shock : an accident which might be serious in its consequences. 

The b»tt*ry iiiod by Von Maruni, with the mnchitic already noticed (Hfl7), em- 
braced om* hundred jar*, each thirteen inrhc* in dnuiictcr nnd two feet high. The 
eon ted Mirfnre wu.« five hundred and fifty sqtiure feet (five nnd n half feet to each 
jar). When fully charged, it* force wn* irreniHtihle. A bar of steel nine inches 
long, half un inch wide, and one twelfth of am inch thick, was rendered power- 
fully magnetic by the discharge. A small iron wire, twenty five feet long, was 
deflagrated, and various uietals were dissipated and raised in vapor, when 
ced in the circuit of discharge. A honk of 200 pages was pierced by it, and 
rk* of hard wood, four inches square, split into fragments. 

850. Discharge in cascade. — A series of two or three Leyden jars 
may be placed horizontally upon insulating stands, so that the interior 
of each succeeding one may receive the spark from the outer coatings 
of the one preceding. 

This mode rf charging cannot be carried beyond two or three Jars, owing to 
the aeeomnlaUd resistance soon vitiating the result. But Mr Baggs, of London, 
has very ingeniously contrived sn electric battery, the jars of which are charged 
together, but art* discharged consecutively. Each Jar is supported in a horizontal 
petition ob a vertical spindle, their kooss, while being charged, pointing oat* 
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ward, like tbe radii of a circle, and when the battery is to be dlttharged. the 
ksebfl, by a quarter revolution, arc brought opposite, each to the bottom ot the 
Beat jar. In this way the disruptive power or intensity of the spark is multi- 
plied ae the jars, the quantity remaining the same. Mr. Boggs is said to have 
discharged his battery of twelve jars through a space of three feet. (An* 
Jour. Sci. [2] VII 418 ) 

851. The uni versa! discharger. — Various contrivances are in use 

f.»r regulating or measuring the discharge of the electric battery, and 
the single jar. Of these, Henley's W 

universal discharger, fig. 597, is, 
perhaps, the most useful. By 
means of this simple apparatus, 
the electrical fluid may he made to 
pass through any substance placed 
upon the table, t. Two rods, slid- 
ing iu the joints a a', end in halls, 
re 7 , covering points which can be 
exposed by their removal. The rod, a', connects with the positive side 
of tlie buttery, for example, while by the discharging rod, fig. 589, 
communication can he made at pleasure between a and the negative 
side of the battery, by a chain or metallic thread. 

The charge of the battery may be prevented from pausing a given limit, by 
using the discharging electrometer* of Lane or Cuthbcrtson, in which a hall is 
sustained at such a distance from the discharging knob of the battery, that when 
Its charge reaches the proper tension, it discharges itself. 

A beautiful illustration of the slow discharge of a charged jar is 
•eon in fig. 598, where a charged I*eyden jar, with a small boll in 
place of the knob, is set upon a lx»ard, 
near to a little brass ball, hung from a 
•ilken thread, upon a wire, carrying a 
second bell in connection with the earth 
by A B. The effect is, that the -f elec- 
tricity of the jar attract* the little ball, 
lut after striking the bell, the ball is re- 
pelled, until, coming in contact with the 
other hell, it is discharged, and so on for 
many hours, this little chime is rung by 
the electrical pendulum. 

852. The electric spark. — The elec- 
tric light and spark result from the re- 
union of the two electricities in the air. 

In a vacuum there is no spark (fig. 001). 

The sigtag path of the spark and of lightning is due to the resistance 
*f the air Kvery electrical discharge produces expansion of the air, 
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and the form and color of the spark are materially influence 1 by the 
density and chemical composition of the gaseous medium through 
which it passes. The character of the sparks depends also on the form, 
area, and electrical intensity of the discharging surfaces, likewise on 
the kind of electricity on the conductor iu which the spark originates; 
from the negative conductor the sparks are far less dense and powerful 
than those from positive electricity. AM 

Klnnersley's thermometer, tig 5M, shows the 
agitation and expansion of the air following nn electrical 
explosion. A portion of water in the larger vi jiM'l. which 
is air-tight, communicates freely with the small open tuho, 
attached to the foot, and ending in a narrow glass tube. 

When an electrical discharge takes place through the ap- 
paratus, the consequent expansion of the air violently raises 
tbo column in the smaller tube, but, after the commotion is 
over, the fluid gradually regains its original level, ns the 
air in the larger vessel cools. 7V»« r/»cn*ro/ wtntar dis- 
charges its hull hv the force of air expanded at the moment 
of the electrical discharge. 

The color of the electrical spark. — Fnrndny 
observed that in air, oxygen, and dry ebloroliydrio 
acid gas, the spark was white, with a light bluish 
shade, especially in air. In the heavy thunder- 
storms common in nn American Mininier, the light 
of a powerful flash of lightning i a distinctly purple, 
and sometimes violet. In nitrogen it is blue or 
purple, and gives a remarkable sound ; in hydrogen 
it is crimson, and disappears when the gas is rare- 
fied ; in carbonic acid the eolor is green, and the form of spark 1 
irregular; in oxyd of carbon it is sometimes green and sometimes red; 
in chlorine it is green. fi<#0 

The little apparatus, tig. 000, is 
well calculated to show these effects 
by contrast at one view. The three 
tubes, <i fi' arc respect i\ ely tided 
with various gasc- and scaled. |'a< h 
| tube has two »h«<rt plat mum wires. »< ». 

Hold tired into its *ude>, through which 
the electric spark from b must pass 
m it« way to the ground by r. 

The electrical discharge in 

e vacuum, becomes an ovoidnl 
tuft of light, uniting the con- 
ductors. The apparatus, fig. Gt»l, is designed to show these effects 
V large egg-shaped glass vessel is mounted at the lower extremity 
wi\h a stop-cock, for attaching it to the air-pump, in order to re- 
50 
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move the whole or a part of the air, or to replace it by vapor 

alcohol, ether, or any other gas not acting on WI 

brans. By the rod. A, connection is established . 

with the electrical machine, while the distance 

between the electrical poles, B C, may be 

adjusted by sliding the upper rod in its air* 

tight socket. This apparatus is called the jB 

electrical or philosophical egg. The raror the 

air, the more globular becomes the spheroid, 

and, at the same time, less brilliant. The 

auroral tube is only a modification of the same 

apparatus. 

This apparatus is also used with splendid effect 
with the Induction coil. ^ 

Difference between the positive and 
negative spark. — The tuft of light from 
positive electricity is far more beautiful than 
that from negative, as seen from 602 
the ends of two points. Thus, jW 

while positive electricity gives an 
opening sheaf of light, negative 
electricity gives only a small star, 
fig. 002. In rarefied air. these 

differences are much less nppn- :»«• 

rent, Faraday suggests that they are due, chiefly, to the greater facility 
with which negative electricity escapes in air, than 60S 

positive, as conductors negatively charged, lose their 
excitement sooner than those positively charged. 

The diamond jar. — To show that the coatings of ^^^^^9 
the jar convey the electricity collected on the glues 1 

to the point where it meets the cause of discharge, a 
jar may he coated with metallic filings, fig. 603, or f j 
patches of tin-foil, fig. 604, cut in lozenges' 604 i S 

(a diamond jar). The wire of the jar is f I CT < 

bent over, as in fig. 603, so as to bring the I 
hull near the outer coating, which connects 
by a chain with the earth. When the ma-i ® 
chine (on whose arm this jar is hung) is I M 
worked, a brilliant spark is seen at inter- 
vala to dart from the knob to the outer SSj 39 
coating, and thence to spread in zigzag Bji fjMl 
courses over the whole surface. 935 39 

SolntiUaUng tube and magic aqnarea. 991 

collection of eloetrical apparatus eon tains tbtcc familiar niece* 
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of apparatus, illustrative of the phenomena of the electric spark. The 
•ointillating tube, fig. 605, like the jar, fig. 604, has rows of loaenge- 

605 



shaped pieces of tin-foil pasted on its interior, usually in a spiral, and, 
when held by the hand, as shown in the figure, t lie electricity (lashes 
from point to point at the same apparent instant, producing a most 
agreeable effect. 006 

The magic tquare* are pane* of 
glass on which arc interrupted strips 
of tin foil, cot to represent some 
design, to be made visible only when 
a spark passes. These squares are 
mounted on a foot, in connection 
with the earth, and are set near the 
ball of the prime e«»nduct.«r. lty 
scattering metallic filings over a 
varnished surface of gins*, the same 
effect is produced as upon the jar, 
fig. 603. 

853. Effect* of the electric 

discharge. —The effects of the 
electric discharge tire chiefly, 

1st, physiological ; 2d, physi- 
cal ; 3d, mechanical ; 4th, che- 
mical. The passage of the electricities through bodies, is sometime* 
impeded by their bail conducting power, or by want of proper dimen- 
sions ; and, in cither case, a powerful electric discharge manifests itself 
in one of those modes. 

854. Physiological effects. — These are seen in the shock expert* 
tufted by all living beings, in the passage of electricity through any 
of their memliers. Any number of persons, joined hand to hand, will 
receive, at the same instant, the shock of an electric buttery. Abbd 
Nollet imparted it to over six hundred persons in his convent at oue 
time— those in the middle of the chain Isdng little less affected than 
those near the conductors. 

A person charged on the insulating stool, feels a prirkly heat and glow of the 
•bin, resulting in perspiration. Many useful appliration* have boon devised of 
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thin agent in medicine.* It ncods hardly to be said, that the full shock of a 
powerful battery will destroy life in man. Sparks, fifteen or eighteen inches 
long, begin to be unsafe, if from large surfaces. Small animals, as birds, are 
easily killed by a moderate discharge, on the table of the universal discharger. 
Fig. 597. 

855. Inflammation of combustibles. — Although no sense of heat 
is felt when the knuckle receives strong sparks from an active machine, 
yet the smallest spark serves to inflame ether, whether from a Leyden 
jar, from the finger, or, more strikingly, from an icicle held in the 
fingers of one mounted on an insulating $07 

stool. 

The other is placed in a metallic cup, and the 
•park should he drawn on its edge moistened with 
ether, fig. 607. Gunpowder plm-ed on the tabic 
of the universal discharger, over the point* of 
the rods, a »*', fig. 597, is simply thrown about, 
without being fired; hut if a wet string, in 
place of one of the conducting wires, forms part 
of the connection, its retarding power is such os 
to lire the powder. The lighting of gas from 
the finger of one charged by running on n car- 
pet, has already been mentioned (H|0. ('*) ) I.yoopodium, alcohol, a newly 
extinguished candle, and many other combustibles, are also easily inflamed by 
the spark. Gold leaf confined between two glass plates with the edges hang- 
ing out, will burn with the explosion of the glass, and, if held between cards, 
will stain them with purple oxyd of gold. Silhouette likenesses of Franklin 
are thus printed: a powerful current from a battery is needed for this. 



850. Chemioal anion effected by electricity. — A mixture of 
hydrogen two volumes, and of oxygen one volume, or of hydrogen with 
•even or eight times its volume of common air, is exploded by a spark 


pissing through the containing vessel, e. g. 
the tin air-pistol, called “ Volta's pistol/' 
G08, is provided with an insulated con- 
ductor, ending near the inner 


surface of the pistol at R. 
Its mouth is closed tightly 
by a cork, and the spark 
caused to pass by holding 
it near the prime conductor, 
fig. GOD, or to the electro- 
plmrus. The cork is then 



609 



n 


violently expelled, bj the expansion of steam, with a load explosion. 


nnsnlt Garrett's Electro-physiology, Boston, 1860, 8vo., pp 708; or Chaw 
i Medic it Electricity. 
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▼olta's electrical lamp.— A self-regulating hydrogen apparatus is 
seen in fig. CIO, similar in its action to the common hydrogen lamp, 
with platinum sponge. In its base drawer 
is an eleetrophorus, r P, the plate. P, of 
which is always charged. A silk cord 
connects the upper plate I*, with the gas 
cock, R, in such a way that when the gas 
in T is drawn, the communication is ef- 
fected at o, with the insulated wire, t\ 
and the electricity thus finds its way in 
a spark between the buttons at O, and 
escapes to the earth by t. As the hydro- 
gen is flowing at that moment from the 
jet. it is inflamed, and kindles a little 
candle standing in its path. Every time 
the cock, K, is moved, the plate. P, rises, 
and communicates u spark. With care, 

•Jiis instrument remains in action for weeks, from a single excitement. 

837. The mechanical effects of the electrical discharge.— Any 
thin non conducting substance placed between the hulls of the univer- 
sal discharger, is either pierced or broken w here the fluid passes. The 
phenomena attending these experiments are curious and instructive in 
point of theory. 

When a thin piece of glass, r, in placed in the position soon in fig. fill, 
between the points of the conductors, a b, a small hole will he made through 
the glasK, a> if with a drill, provided the effect of the fluid is concentrated hy 
placing a drop of oil ut the point to he pierced. The hole is circular, starred, 
and its edge* smooth, and sometimes it remains filled with the powdered 
glass in line dust, easily removed. It requires a powerful battery to 
glass onc-twelfih of an inch thick. ^12 

If a card is placed in the path of the fluid, It is pierced with 
a raised edge fhttrr* on both sides of 
the bole. When the card is placed 
obliquely, as seen in fig 012', between 
the poiuts, a r. of the insulating holder, 
the hole is made in the place and di- 
rection seen at o in the section ; that 
is, nearer the negative pole, its edges 
being raised, or thickened, a circum- 
stance due, probably, t«» the decompo- 
sition jf the neutral flui 1 in the card, 
occasioning a rush of electricity in both 
directions. This has been esteemed a 
fact inexplicable on the single fluid hypothesis, while the position of the hole, 
always near to the negative pole, indicates that the negative fluid passes less 
readily through the air than the positive. Many uthe* examples of the froe- 
fiO* 
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bristle and repel each other, and finally when the rain hud rendered 
the string sufficiently a conductor, he enjoyed the unspeakable satisfac- 
tion of seeing long electrical sparks dart from the iron key. Thus was 
realised by actual experiment ouc of the boldest conceptions and most 
interesting discoveries in t he history of science. 

Efforts hare been made to rob Franklin of the honor of this discovery, cut it 
if one thing to suggest that two phenomena may he identical, aud quite anothei 
thing to prove it. Dalihard's experiments were undertaken at Fraiikliu's sug 
gestions and hardly preceded his own iu date. 

These experiments were everywhere repeated, and it soon became evident that 
they were far from being free from danger. K«ma*. in dune, 1751b during • 
thunder-storm in France, drew flashes of electrical lire ten feet Jong, from a kite 
raised by a string 550 feet long. The experiment was accompanied by every 
evidence of intense electrical tension in the attraction of straws, the sensation 
of spiders* webs over the faces o£»tho spectators, and iu the loud reports and 
roaring sounds, similar to the noise of a large bellows. In August, 175:t, l'rof. 
Kichtnann, of St. Pctorshurgh, lost his life while engaged iu simitar experiments. 
Oavallo, in London, in 1777, obtained enormous quantities of atmospheric elec- 
tricity by an electrical kite, and noticed that it frequently changed its character 
as the kite passed through different layers of the an. In telegraph ofliees during 
a thunder-storm, vivid sparks, often very inconvenient and not without danger, 
are constantly flowing from the receiving instruments, being indueed on the 
telepraph wires from the atmosphere, during thunder-storm*. (Henry, Am. 
Jour. Fci, [ 2 ] III. 25.) 

801. Free electricity in the atmosphere. — That the uttnonphero, 
besides the combined electricity proper to it, cohtuin* also tit all time* 
free electricity, in proved by raising an insulated conductor a few feet 
into the air, as by a b»ng fishing-rod, and connecting it with the con- 
denser of the electrometer, the leaves of which will diverge sensibly 
when there is no sign of any thunder-storm. Near the earth (say within 
three or four feet), no evidence of free electricity can be detected, hut 
as we rise in the air, its force constantly increases. Bccquerel and 
Breschet, sent up arrows, attached to a tinsel cor«l ninety yards long, 
from the top of the Great St Bernard, while the other end wok con- 
nected with the condenser of an electrometer ; they found that the gold 
leaves diverged in proportion as the arrow r*w higher. 

It appear* from experiment* like these and other* made ehiefly hy Ivonaldi, 
ef Kew, that the atmospheric electricity increase* nod deer ca*e* daily, twice in 
twenty-four hour*, and the following gcurrtl resulit- are established. 

1st. The electricity of the air is always positive i* fullest at night increases 
altar sunrise — diminishes toward* noun- increase* again toward* sunset, and 
than decrease* towards night, after which it again increase*. 

2d. The electrical state of the apparatus is disturbed hy fogs, rain, bail, sleet, 
et snow. It is negative when these approach, and then change- frequently to 
positive, with subsequent continued change* every three or four minute*. 

3d Clouds also, as they approach, disturb the apparatus in a similar way, 
and produce sparks from the insulated conductor in rapid succession, so that 
ar exploai a stream of electricity rushes to the receiving pole, which should to 
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pasted off to the earth. Similarly powerful effects frequently attend a driving 
fog and heavy rain. 

Crosse, of England, bad over a mile of insulated wire sustained on poles one 
aundrod feet high above the tall trees of his park, connecting by pointed conduc- 
tors with his laboratory, where he has frequently collerted, during a heavy fog, 
electricity enough to charge und discharge a battffty of fifty jars, and seventy- 
three square feet of coated surface, twenty times in a minute, with a report at 
loud as that of a cannon. 

Numerous hyptheseg have been put forward to account for what has 
been considered the free electricity of the atmosphere. Prof. Henry, 
after an attentive study of the whole subject., feels compelled to reject 
them all at* insufficient except that of Peltier, which refers these pheno- 
mena not to the excitement of the air, hut to the inductive action of the 
earth on it* non-conducting aerial envelope. Thin view involves the 
assumption that the earth was in some wfiy primarily electrified. It is 
a fact that the earth is always in a state of negative excitement, as was 
shown hy Volta, who for this purpose received the spray from a cascade 
on the halls of a sensitive electrometer, when the leaves diverged with 
negative electricity. (See an able article on Atmospheric Electricity 
by Prof. Henry. Patent Office Report, Agriculture, LSo'J, p. 48o.) 

The subject of atmospheric electricity, especially the description of 
electric meteors, is more properly referred to Meteorology. 

$ 3. Dynamical Electricity. 

1. <1 Al.V AN ISM AND VOLTA ISM. 

862. Dlaoovery of galvanism. — In 1780, Luigi Galvani, professor 
of anatomy in the University of Bologna, while engaged upon a long 
series of observations on the effects of atmospheric electricity upon 
animal organisms, noticed that the legs of some frogs, prepared for 
experiments, became convulsed, although dead and mutilated — when 
the vertebras, with portions of the lumbar nerves, were pressed against 
the iron railing of the window balcony where they 613 

were placed, awaiting the use for which they had 
been designed. Repeating this novel and curious 
observation in various ways, he soon found that 
the convulsions were strongest when he made con- 
nection hv means of tiro mrtals between the lumbar 
nprves, and the exterior muscles denuded of the 
skin, as shown in fig. 613, where rods of copper and 
line, being thus held, convulse the leg into the 
position shown hy the dotted line. But contact of 
metals with the animal tissues he found not to he 
uttniial to produce these convulsions, since they occur also by contact 
of the exterior mucous with the Interior nervous surface. 
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To repeat Gklvani's experiment, strip the skin from the legs of it vtgcrmis 
frog and cut the animal iu two, an inch above the thighs Expose the lumbar 
nerves within and on either side of the backbone, by pushing aside the muscle* 
with the huger, so that the point of an arc of the two metals may touch the 
nerves; then bring the other metal rod into contact with any portion of the 
outer surface, and strong twitching* will he developed as if the animal was 
alive, both on touching and removing the rod, even some hours after death. 

The galvanic fluid. — Galvani regarded the convulsions of t he frog 
as excited by a nervous or vital fluid, which passed from the nerves to 
the muscles by way of the exterior communication established between 
them: this fluid, in his view, existed iu the nerves, it traversed the 
metallic arc, and falling on the muscles, it contracted them, like the 
electric discharge. 

Galvani was an anatomist ang physiologist, and not a chemist or physicist 
He did not work out all the teachings of his own discovery, being more into, 
rested in demonstrating, as he did, the cxisteuec of u true animal electricity, 
developed between the outer surface and the nerves. The physu al brunch of 
the subject he left to others, and chiefly to Yoi.ta. devoting the few remaining 
years of his life to the study of animal electricity. Volta's doctrines Galvani 
never accepted, and died in 1 7 WH, before the Voltaie l*iU« was given to the world. 
In the department of vita) electricity. Galvani's labors have been justly appro* 
dated only in our time, having been naturally eclipsed iu his own hv the splendid 
discovery of the Voltaic Pile, and the crowd of wonders following in its train 

The story usually found in text hooks, of the aeeidcntal disrovery, iu I7AA, 
of the new seiniec by the twitehing of frogs' legs, prepared for the repast of 
Mudam Galvani, is a fabrication of Alibcrl, an Italian writer ol no repute. 
Galvani had then Wen f*»r eleven years engaged upon a laborious series of 
electro-physiological experiments, using frogs' legs a » rirrinwru/"*. No great 
truth was ever discovered by orruina, and years of laborious research had pre- 
pared the way for lhi.» discovery. It is undoubtedly true that what we (hid is 
often metre important than what we seek, but it is rrsmrrh and not armirnt 
which makes the discovery Every hypothesis is good which hears fruit in dis- 
covery ; but to accept the discovery anti reject the hypothesis when lit* longer 
fruitful, requires all the seif denial of the highest philosophy, and is a noble 
attribute of the greatest minds. 

Origin of Volta * discovery. — Contact theory. -—Adopting 
at the outset with the greatest enthusiasm the vitalist hypothesis of 
Galvani, Volta came, after no long time, to the convict inn that the 
blectrical effects attributed by Galvani t<» the nuiirml electricity of tlio 
frog, were really due to the contort of din similar substance*, and that 
the frogs' limbs were only the sensitive chvtrmoopo, adapted U indicate 
the electrical current developed hy the two unlike nietuln. Each disco- 
verer saw hut half the truth. Thus originated hi j* celebrated “ contact 
theory;” a view of the source of dynamic electricity, that long held 
almost universal sway over scientific opinion until gradually supplanted 
by the electro-chemical theory, which refers these phenomena to chemical 



$70 


WlTHICS or IMPONDERABLE AOKNTB. 


B y the use of hit* con ‘lending electrometer (846), Volt* sought 4o MUblilh the 
30 d tact theory by a great number of well-devised experiments. Being assured 
of the passive state of the electrometer, he established communication between 
the earth and the upper plate by the moistened fingers, while at the same time 
a bit of xinc plate held also in the moistened fingers of the other hand is placed 
in contact with the lower plate ; after a single instant, contact is broken, and 
on raising the upper plate, the gold leaves diverge. Whence the electricity f 
Volta replied, ••from the Contact of the two unlike substances/' overlooking the 
fact that there was a chemical action, due to the effect of the moist fingers or 
the xinc, As the plate touched by the zinc became positive, and the coppei 
negative, be assumed that there was an *• ilertrumutir* force*' capable of develop* 
tug these electrical states in the two rnetuls as a result of eimpte contact. This 
sxperiinent was repeated with conductors of every sort, and always, when one 
of them was an alterable substance, with the same results. He divided conduct- 
ing bodies into two cIumhc.- ; the first eluss, including the metals, metallic ores, 
and carbon, he calls tlerttnmotar* ; the second class contains liquids, saline solu- 
tions, animal tissues, Ac He found that a double combination of three elements, 
so arranged that tlu-ir order was reversed, neutralized each other, and produced 
no spasm in the frog’s legs, whn-h he uniformly used as an electroscope. This 
was in 17 Vfl, four years in advance of the date usually assigned as that of the 
Invention of the Voltaic pile. 

Tossing over the long controversy between Volta and his cotemporaries, we 
come to the essential fundamental fact of Volta’s discovery, vix. : that certain 
«»f/ part tent arty the oj rydixatdr nictate , dieengmje electricity and charge 
the Co rule niter, when placed in the cuitdilimm ju»t dreniftrd. 

This discovery immediately led to the second, and hy far the most 
celebrated of Volta's discoveries, via., the Voltaic pile, or battery. 

Ml. Volta's pile, or the Voltaio battery. — Every form of appa- 
ratus designed to produce a current of dynamic electricity is culled a 
battery or pile. Volta’s original apparatus was, as its name implies, a 
pile of alternate silver and nine disks, laid up as in fig. 014, with disk* 
of paper or cloth between them, moistened with brine, or acid water. 
This arrangement was more commonly made with alternate disks of 
copper (l 1 ) and zinc (/). care being taken always to observe the order, 
copper — cloth — zinc. The terminal disks were provided with ears for 
the convenient attachment of wires. Thus arranged, the following 
characteristic results are observed. 1st. The pile being insulated by 
glass or resin, touch Z with the plate of the condenser (covered witji 
•ilk), while the finger rests on f, and then apply the plate to the con- 
denser ; the gold leaves will indicate strong vitreous electricity. 2d. 
Reverse this order, touching 0 with the plate while the finger is on Z, 
and a strong charge of resinous electricity is received. 

The pile may be regarded ns a Leyden jar, or electrical battery, per- 
petually charged, and capable of re-charging itself as long as the given 
Conditions are maintained. 

Tb Jte results may l>e repeated an indefinite number of times, as kng 
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is the cloths remain nx ist, and the intensity of the action is directly as 
the number of plates in the pile. 

Each touching couplet of copper and sine may be soldered together 
ani is then called a coujUe, pair, or voltaic element. Any two metals 
of unlike properties may be substituted for the 614 

sine and copper, with the same results. 

The end of the pile which yields vitreous 
electricity is culled its positive pole , and that 
which yields resinous electricity is called the 
negative pole; a name also applied to the wires 
or conductors connecting the two judes. 

Arranged as in tig. 014, the pile, when its 
poles are joined, gives a decided shock, similar 
to, hut less intense than, that from, statical 
electricity. On breaking contact between the 
poles, a brilliant spark of voltaic electricity is 
seen; and if the wires end in points of gold or 
platinum, inserted in water, without mutual 
contact, a flow of gas bubbles from them, an- 
nounces the decomposition of the water. We 
thus classify the effects of the pile into physio- 
logical, physical, and chemical phenomena. 

The disentery of the pile, Volta announced in 
March, 1WMI, to Sir Joseph Banks, Imtli in the 
form just described and also the crown of cups 
(Com tame ties t asses), a series of twenty glass 
goblets arranged in a circle, with wires con- 
necting the -f and — elements of each cup to 
the opposite of the next. 

This last is the type of all modern batteries 
with separate cells. He classified its effects, but made no mention 
of its power of chemical decomposition, a property he Imd not then 
observed. Th’s last power was immediately discovered bv Nicholson 
and Carlisle, in London, un the 2d of May, lft(K). Aside from YoltiTf 
theoretical notions, history will ever assign him a high place os a 
philosopher, and a« having by his genius blessed the world by otto of 
the greatest and most fruitful discoveries in science. 

Distinction between VoltaUm and Galvanism.— It will lie seen 
that Vol/aism and the Voltaic pile are terms properly applied only to the 
discoveries of Volta, and that the term galvanic tottery is a misnomer, Gab 
▼ani never having seen sutdi an instrument. The term Galvanic fluid is 
justly applied to animal electricity , which Galvan i was the first to discover. 
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865. Quantity and intensity. — There is a very marked difference 
between the tension of the electricity from the Voltaic pile, and that of 
friction. No Bensation follows the touch of either pole of a Voltaic 
battery singly: both poles must be touched simultaneously in order to 
perceive the shock. The projectile force in Voltaic electricity is so 
nearly null, that in the most energetic and extensive series of cells, the 
terminal points must be brought indefinitely near, or into actual con- 
tact, before any current is established, unless in vacuo. The intensity 
of the battery is however, under some circumstances, increased by re- 
duplicating the number of couples of a given size (see j 881). The 
quantity of electricity sc?t in motion in the Voltaic battery depends not 
on the number of the series, but on the extent of surface brought into 
action in each pair, the conducting power of the interposed liquid, and 
also upon the external resistance. 

This views formerly expressed by most authors on the, subject of quantity and 
intensity have Ix'in muddied in important respect* by the application of the 
44 law «>/ Ohm /” for a discussion of which compare £ 881. 

800. Simple Voltaic couple. — Whenever two unlike substances, 
moistened by, or immersed in, an acid or saline fluid are brought into 
contact, a Voltaic circuit is established. The earliest recorded obser- 
vation on this subject ySulxer’s), was the familiar experiment of a silver 
and copper coin, or bit of zinc, placed on the opposite sides of the tongue, 
and the edges brought together, when a sharp, prickly sensation and 
twinge is felt, and if the eyes are closed, a mild flash of light is also 
seen. In this case, the saliva is the saline fluid, exciting a Voltaic 
current due to its chemical effect on the zinc or copper ; and the nerves 
of sense are the electroscope. The action depends on contact, and 
, or is renewed, as often as this i* broken or made. 

la fig. fil3>, wo hare flu* simplest form *»f Voltaic battery, a slip of amalga» 
mated nine, Z, mid another of cupper, <\ immersed in a glass of water, acidulated 
by sulphuric acid. When these strip* touch (either within or 
without the fluid), an electrical current 1*4 set up. pushing frdm 
the nine to the copper in the fluid, and from the copper to the 
tine in the air, as shown 1 y the arrows. The polarity of the 
end* in the air is the reverse of that m the acid, as shown by 
the sign* plus and minus This is analogous to the decompo- 
■ition of neutral electricity in a rod of glass or of wax. While 
contact is maintained, either directly or by conducting wires, 
evidence of chemical action is seen in the constant flow of gas 
bubbles (hydrogen) from the sine t<> the copper, from the sur- 
fbe© of which they are given off. This action ceases at any 
moment when contact ceases, and if the separation of the metal* takes place is 
the dark, a minute spark Is seen at the moment of breaking contact in the an. 

The direction of the Voltaic current depends entirely on the nature 
of the chemical actim producing it. Thus if iu the arrangement ju*t 
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described, strong ammonia water was used in place of the dilute acid, 
all the electrical relations of the metals and the fluid would be reversed: 
since the action would then be on the side of the copper, and the imo 
would be relatively the electro-negative metal. 

867.’ Electro-positive and electro-negative are relative terms, 
designed to express the mutual relations of two or more elements in 
reference to each other. Thus zinc, being a metal w»ry easily acted on 
by all acid and many saline solutions, becomes electro positive to what- 
ever other element it may be associated with, unless, as in the last 
section, the other element is acted on, and the line is not, when it 
becomes electronegative. Oxygen is an element which acts upon every 
other, and is therefore the type of electro-negative substances ; gold, 
platinum, and silver, being among the leant easily oxydizod metals, 
become electro negative substances to all others more easily acted on 
than themselves, and therefore these are fit substances for the negative 
element of Voltaic couples. In chemical works, tables will he found 
in which all the <deincnts are grouped in this relative order of electro- 
positive and electro-negative power. 

80S. Amalgamation. —Commercial zinc is seldom or never pure 
and the foreign substances which it contains are such as to stand in an 
electro-negative relation to the zinc. A slip of common rolled xinc, 
immersed in dilute sulphuric acid, is actively corroded with the escape 
of abundance of hydrogen, while if a strip of chemically pure xinc wu 
used, no action would happen, (he hi Hive.) This action of common 
zinc is called a load action, implying the existence of as many small 
local Voltaic circuits as there are paxticles of foreign electro-negative 
substances on its surface ; each of which constitutes, with the contigu- 
ous particles of xinc, n minute buttery, and thus the whole surface is 
presently corroded and roughened, and the power of the whole couple 
reduced just in proportion to the extent of this local action. 

Rub the frostily corroded surface of such a piece of commercial tine 
with a little mercury, when instantly it combines with und brightens 
the whole surface, covering it with a uniform coating of zinc am a! yam. 
This perfectly protects the xinc from local action by covering up the 
electro- negative points, and makes the whole surface of one electrical 
same. Zinc, thus amalgamated, may he left indefinitely long in acid 
wnter, without injury, and when brought into contact with the electro- 
segative element of a Voltaic couple, it becomes a much m : re energetio 
source of electricity than before. 

The discovery of this property (due to Mr. Kempt) is hardly less 
Important than the discovery of the battery, for without it, sustained 
and manageable batteries are impossible. 

61 
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II. BATTERIES WITH ON* FLUID. 

8C9. Voltsio batteries are constructed for use either with oue ok 
with two fluids. 

The first embraces the original crown of cups (SCI), and all batteries with out 
fluid and a single cell. Tbe batteries with two fluids and two cells, of wbatevat 
name, involve a double chemical decomposition, and are, hence, more compii- 
•atod, but also, generally, more efficient ; we will tonsuler these separately, 
remarking, that the iuterest attached to the first class, with a single exception, 
!• now ch efly historical. 

870. Trough batteries. — Tbe inconvenience of Volta's original 
form of the pile, fig. Old, led to placing the elements in a trough, aa 
aeen in fig. Gift, called, from the 61* 

inventor, Cruiekshank'a trough. 

Each compound couple of zinc 
and copper was cemented water 
tight into a groove, all the zincs 
facing in one direction. The filling of these cells with dilute acid wu 
a tedious operation, with extended series, and as the zincs were not 
amalgamated, the best force of the apparatus was spent before it could 
he filled. Davy and Nicholson greatly improved the trough by attach- 
ing the couples to u bar of wood 
by.dtrupM, c o n //> , ns in fig. GJ7, 
and Dr. Wollaston surrounded each 
zinc, s, with the copper, on both 
sides, thus doubling the effective 
surface. Thus arranged, tin* u hole 
series could be plunged ut one 
movement into glass cells, a <i, or 
into u porcelain trough dnided 
into cells. The famous battery of the London Koval Institution, (first 
used in May or June, 1810.) was a series of *2000 couples of t hi** con- 
struction, arranged in ‘JtM* glass or porcelain troughs, ten couples in 
ca.di trough, each plate having an effective surface of twenty-two square 
inch?* This buttery was placed in the vaults under the Roy it I Insti- 
tution, where its hydrogen and acid vapors did not annoy the experi* 
neuter, and its power was led up by conductors to the laboratory above. 

The battery with which Davy made his immortal discovery of the 
metallic bases of the alkalies (October. 1807). contained 250 pairs of 
platos, made in 1803. [See Am. Jour. Soi. [2j, XXVI 1 1,. 279.) 

Hare's ealorlmotoi consisted of twenty {dates each, of copper and tine, 
nineteen inches square, and so combined in a cubical box as to f»,rm but two 
largo elements «f fifty square feet each, or two ht idred square feat of ootivo 
•urfaca in both mouthers, all plunged by one movement in a vat of soil 
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tfi® deflagraton Of Dr. Hare, as originally e<« 'articled, wort* formed 
ef spirals of copper and sine, rolled with a narrow space hot wet u them, atul lh« 
apposing metals held from contact by wooden strips. Knch sine was y \ 6 in , 
and each copper 14 X ® in.; so that every part of the sine was opposed to fits 
copper. surface ; eighty of these coils were so arranged on bars of wood as to 
plunge by an easy mechanism into glass cylinders containing the acid. The 
facility of immersion and removal of these coils in contact of the acid liquor, 
made Hare’s deflagrntors as much superior to the early trough batteries as tba 
batteries of two fluids an? superior to Hare's. In a very eflinent form of Hare's 
ieflagrator, the members were connected in a box. suspended, to revolve oil an 
axle having another box placed at right angles in the first, so that a quarter 
revolution of the apparatus turned on or off the exciting acid at pleasure, with 
out deranging the connections, which were established through the axis of revo. 
lution. 

A battery constructed fur Prof. Sillimun, in ltoston, in l Sod, on the plan of 
Wollastou and Hare combined, contained nine hundred couples of copper and r im* 
(10 X * in. each), exposing tlve hundred and six square feet of available surtace, 
arranged in twelve parallel series, capable of being used couseeutii Ay as nine 
hundred couples, or in three series of three hundred each One plunge immersed 
the whole battery, and when this instrument was new, the inch of flame between 
its poles measured over six inches 

Mr. Crosse, ami also Mr Oassiot, have constructed nn txtendeil series of 
trough batteries for ph\ siologieul experiments; the former hud twenty four 
hundred pairs of plates, the cells well iusiiluti-d ; the latter put up three thousand 
five hundred and twenty cv lindncnl pairs, placed in cells of varnished glass, 
and insulated bv glass pillars varnished. The butteries wire ran tied by w^ter 
only. Kxcepl for the purposes ,.f low intensity and buig-eontuiued action, but 
tones of this dc.srnption are now no linger constructed 

The waut of sustained and regular action in all butteries of the original form* 
has led to the contrivance of other and more scientific batteries; some of lha 
must valuable of which we will now describe. 

871. Smee'ft battery is formed of silver und umagulmutod zinc, utul 
needs hut one cell and one fluid to excite it. The 618 

ell ver plate, S, fig. *»1^, in prepared by washing in 
nitric acid to roughen it, and then coating its surface 
with platinum, thrown down on it by it voltaic cur- 
rent, in that state of line division, known as plati- 
num-black. This is to prevent the adhesion of the 
liberated hydrogen to the polished silver. Any sur- 
face of polished metal retains a film of gas with 
eingu’ar obstinacy, thn« preventing, in a measure, 
the contact between the fluid and the plate. The 
roughened surface produced from the deposit of pla- 
tinum-black, eutirely prevents this. The zinc plates, 
tf, in this battery, are well amalgamated, and face 
Oliver. The three plates are held in position by a clamp, 6, at lop, 
while the interposition of a bar of dry wood, r, prevents the passage 
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of a current from plate to plate. Water acidulated with one-seventh 
its bulk of oil of vitriol, or, for less activity, with one-sixt*6nth, is the 
exciting fluid. 

The surface of the negative plate is kept clean in daily use by occa* 
•tonal immersion in chlorid of iron, which removes all foreign substaneea 
deposit id on it. For large sized batteries, the silver plates are made by 
electro casting, to secure entirely plane surfaces. (Mathiot.) 

Toe q inotify *.f electricity excited in this battery is very great, but the inten- 
sity i» not so great as in the compound batteries presently to be described. This 
battery is nearly constant, does not act until the poles are joined, and, without 
any attention, will maintain a uniform flow of power for days together. A thick 
plate of lead, welt silvered, and then coated with platinum-black, will answer 
equally well, and, indued, hotter than a thin plate of pure silver. This battery 
is recommended over every other for the student, os comprising the great requi- 
sites of cheapness, simplicity, and constancy. This is the battery generally 
employed in electro metallurgy. Chester has patented an improved form of this 
battery, much used by the telegraph companies. It is the only single fluid bat 
tery now much used in physical experiments. 

Mathiot )m« described the form of Since’* batteries used in the large electro- 
typing operations of the Tinted Slates Coast Survey Office. See Am. Jour. 
Hei. [2). KW, 303. 6 19 

87-. The sulphate of copper battery is designed to 
use u solution of sulphate of copper in dilute sulphuric 
acid, the copper dement being made to contain the ex- 
citing fluid. This battery, fig. OHl, is used for electro- 
magnetic experiments, nod although, it soon becomes 
encumbered with a pulp of metallic copper thrown 
down on the zinc, its cheapness and constancy will always render it a 
valuable instrument. 

ill. !>RV I’tl.r.S. 

87d. Dry pilot of Zamboni and DeLuc. — These piles are con- 
structed of disks of metallic paper, as of copper and zinc (called gold 
and silver papers), placed buck to buck, and alternating, as in the pile 
of Volta, fig. 014, all the coppers facing in one direction. Some- 
times zinc paper gilded ou one side; or zine paper smeared with 
black oxvd of manganese and honey on the other aide, is used, 
and with more marked effect*. Some hundreds, and even thousands 
of those disks, os large as a quarter dollar, are crowded into a glass 
lube, just large enough to receive them, varnished within and without. 
Screw caps of metal compress and retain the disks, forming at the same 
time metallic connections with the outer pairs to propagate the electri* 
0*1 affect. A feeble curren is thus set up, which may last f r yean; 
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but, if the paper has been artificially dried, so as to frco.it from all 
absorbed moisture, no current exists. 

• Zamboni (1812), and DeLuc (1810), who first constructed piles 
of this sort, arranged them in pairs to ring bells hv the vibra- 
tion of a small electric pendulum (fig. 698), alternately attracted 
and repelled be tween- the columns, which arc in the condition of 
a perpetually -charged Leyden jar of low tension. A set of these 
bells rang in Yale College laboratory for six or eight years 
unceasingly. 

Bohnenberger’a electroscope is constructed on this 
principle. B and C, fig. 620, arc the poles of two dry piles, be- 
tween which hangs a single gold leaf, ending in the knob, 1). 

When any feebly electric body is approached to I>, the gold leaf 
at once declares its electrical name, by being attracted’ to its 
opposite. This is undoubtedly one of the most delicate electroscopes known. 

• 

IV. BATTERIES WITH TWO KU'IHS. 

874. Daniell’s constant battery. — This duly philosophical inxtru* 
ment was invented in 1830; up to which time the improvements in (lie 
original Voltaic pile had been only mechanical. Prof. J. F. Ihiniril* 
of London, first discovered and applied an effect mil means of preserving 
the power and continuing the netion of the apparatus for a length of 
time. All other batteries with two fluids are only inoddieution.H of his 
original instrument. 

It consists of an exterior circular cell of copper, r, fig. C21, 
which sene* both as a containing vessel and a negative ele- 
ment ; a porous cylindrical cup of earthenware, V lor (be gullet 
of an ox tied into a bag), is placed within the copper cell, und a 
solid cylinder of amalgamated zinc, within the porous cup. 

The outer cell, (\ is charged by a mixture of eight parts of water 
and one of oil of vitriol, saturated with blue vitriol (sulphate of 
copper). Some of the solid sulphate is ado suspended on a per- 
forated shelf, or in a gauze bug. to keep up the saturation. Tho 
inner cell is filled with the same acid water, but without the cop- 
per salt. For the most constant results, be used a saturated solu- 
tion of blue vitriol, made slightly acid for the outer cell, and for 
the zinc, twenty parts water to one of sulphuric arid. Light or 
ten hours is about the limit of its constancy. Any number of 
eells so arranged are easily connected together by binding screws, 
the C of one pair to the Z of the next, and so on. 

The hydrogen from the dcconi|M«acd water in thia instrument in not 
given off in bubbles on the copper aide, na it ia in all forum of 0)6 
simple circuit of zinc ond copper; but the sulphate of copper there 
present ia decomposed in the circuit, atom for atom, with the deronv 
poeed water, and the hydrogen taken the atom of oxyd of copper, 
Appropriating it* oxygen to form water again, while metallic copper iff 
dipoftited on fh« outer cell. If the zinc is well amalgamated, u > < 

6 ] ♦ 





m 


PHYSIC 8 OF IMPONDERABLE AGENTS. 


of any soi\ results in this battery until the poles are joined, and itgivas 
off no fumes. Ten or twelve such cells form a very active, constant* 
and economical battery, and twenty or thirty are ample for most uses.. 
Hot solutions increase its power, while the extent of zinc surface, and 
not the diameter of the copper, limits the amount of electrical effect. 

875. Grove's nitric acid battery. — Mr. Grove, of London, has 
successfully applied the principle of DanielPs battery, to produce the 
most powerful and interne sustaining battery 
known. The fluids used are strong nitric acid 
and dilute sulphuric acid, kept apart by a 
porous jar. The metals arc amal- 
gamated zinc, placed in the sul- 
phuric acid of the outer w^cl, 
and platinum in the pflrous vowd : 

(123 shows this arrangement 



complete, while the platinum » 1c* 
ineut, I\ is seen isolated in fig (.22 p| 

The cover, <?, upon the vase, Y, fig. 

623, tends to keep down the strong 
vapors of nitrous acid etulwd 
when the battery is in :u-t ion. 

The binding screws, ah, w»m* to 
unite the elements of separate pairs. The zinc here surrounds the 
platinum, because both tliat metal and the nitric acid are to be econo- 
mized as much as possible, being the costly parts of the arrangement 
From six to ten parts of water arc used in A. to one of acid 

The action of this battery is intense and splendid. The hydrogen is 
immediately engaged by the nitric acid, which it doconi|>oses very 
readily. There is therefore a double chemical action, and an increased 
flow of electricity, since no part of the power is lost in combination. 
The fumes of nitrous acid are partly absorl»ed by the nitric acid, 
turning it at last intensely green ; but enough are evolved to render it 
important to set the apparatus in a clear space, or good draught. Four 
cells, with platinum three inches long by half inch wide, decompose 
water rapidly ; and twenty such cells form a battery giving intense 
effects of light. 


Platinum, in the* nitric acid battery, its estimate i as sixteen or eighteen tun®# 
morn powerful than copper in Daniel!'* battery : that i«. six square inches of 
platinum is a* efficacious a* one hundred square inches of copper ; and Pescbel 
found that three hundred and forty times much surface of copper was needed 
In a spiral battery on Hare’s construction, a* of platinum in Grove’s, to insure 
equal effect*, 

A Grot vs battery, constructed Sy Jacobi, af Ht. Petersburg!*, contains sixty 
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fatt platinum plates, each thirty-six square inches surface, or combined, sixteen 
square feet. This would be, by comparison, equal to a Parnell's battery of two 
hundred and sixty-six square feet, or a Hare's battery of about five thousand 
five hundred square feet. Grove** battery is rather costly, and very trouble- 
some to manage, a* are all butt eric* with double cells and porous cups, although 
the trouble inv deed in their use is not to bo compared with the vexation involved 
in the earlier single fluid batteries. 

S7C. Carbon battery. — The great cost of large members and exten- 
ai vc series of Grove’s platinum buttery, led 
Prof Bunsen, of Marburg, to use the curium 
of gas coke as a substitute for the platinum. 

Prof. Silliman, Jr., in IM'J, described a 
battery (see Am. dour. Sri. ( 1 1, XL11I., 

3B3, and XLIW, ISO), in which naturnl 
plumbago was used in place of the plati- 
num of Grme’s arrangement. This was 
before Bunsen's apparatus was known of 
in this country. 

Fig. 624 shows the original form of Bunsen's 
cells. Where the <*arh »n, I'. i« < on tamed in an 
exterior vase, V, of nitric acid, tin* amalgamated 
nine is in a porous cup. P, of dilute sulphuric 
acid. The objection t«> tins arrangement »* the 
large consumption <d nitric mid and Mnulincs* 
of the xiuc. In the Author s plan, afterwards adopted essentially by M Peleuil, 
the carbon was in the porous cup, surrounded by the tine. In fig. 02.», this 
025 626 


arrangement is shown in detail. P, Is the pile complete F, Is the jar of hard 
pottery to coutal;i the fine. Z. and the dilute sulphuric acid : V is the porntii 
vase, to contain the carbon. (', with its nitric and. The attachment of a con- 
ductor to the carbon »* accomplished by a conical hole in the centre, into which 
a plug of hammered copper is crowded with a wrenching motion If prisms of 
lha hard carbon of the gas retorts are used and (his kind of enrhoft is unques- 
tionably the best), a copper baud is nttached to the top hy electro- gal vania sol- 
dering. The carbon of Bunsen’s cells is prepared by pulverizing, and baking 
in moulds, the coke of bituminous root. Fig. 626 shows a series of ten cups of 
tbe carbon battery arranged for use, the alternate members Wing Joined by 
binding screws, as made by IMrutl, of Paris, each sine being twenty-two centi- 
metres (eight atid three-quarter inches) high. As the electro-motive energy of 
the battery depends on sixe os well os number, these large members have great 
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sdrtntaget. The Anther demonstrated, in 1842 ( loe . ct/.), that carbon wai 
nearly if not quite as good as platinum, surface for surface. A battery of fifty 
oells, like fig. 626, coats fifty. five dollars in Paris, and, with such a aeries, all the 
moat splendid effects of the electric light, deflagrations, and chemical decompo- 
sitions can be very satisfactorily shown. 

877. Other forme of Voltaic battery exist in great variety, but 
involving no principle not already explained. Some have special adap- 
tation to a particular use, like Chester's form of Smee’s battery for 
telegraphic use ; Farmer’s copper battery ; the battery of Bagration, 
of line and copper in moist earth ; or Grove’s oxygen and hydrogen 
gin battery, so instructive theoretically. But further descriptions are 
excluded by want of space. 


V. POLARITY, RETARDING TOWER, AND NOMENCLATURE OF THE VOLTAIC 

PILE. 

878. Polarity of the compound circuit. — In batteries of two or 
more couples, connection is formed, not as in the single couple, between 
members of the same cell, but between those of different names in con- 
tiguous cells, as in tig. 627, where the copper of 1 joins the zinc of 2, 
and so on. The current flows from the zinc to the copper in the fluid, 
but from the copper to the zinc in the air (tig. 028), both in simple and 
627 
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compound circuits. This is important to be remembered, since the 
tine is called the electro-positive element of the series, although out of 
the fluid ft is negative. Consequently, in voltaic decompositions, the 
element which goes to the zinc pole is called the elect ro-jnsttirc, and, 
for the same reason, that which goes to the copper, is the eleztro-ncya 
lire element. The terminal plates, Z and C, in 1 and 5. fig. 627, are 
lot concerned in the electrical 629 

effect, being in fact only conduc- 
tors of the electricity, and hence 
they may ‘ be removed as in tig. 

628, without altering the power or 
nature of the battery. They serve, 
in fact, merely as a convenient mode™ 
of join ng the poles, as in fig. 629, The apparent polarity of the simple 
circuit is, therefore, the reverse of that of the compound circuit; but! 
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630 




631 


633 



■a attentive observation of these explanations, and of tl e figures, will 
prevent all confusion on this point. 

879. Grouping the elements of a pile, in various numerical rela- 
tions, is an important means of modifying its power, and the character 
of its effects, already explained. 

Take, for example, six cups, as in tig. 630, arranged in consooutive order, and 
we have, owing to the resistance to the elec- 
trie flow, the maximum intense effects pos- 
sible with such number. Changed to two 
groups of three each, the quantity is doubled, 
with half of the intensity, fig. 631 . In fig. 

632, are three groups of two cups each, so 
arranged as to present three times the sur- 
face in 630, with a proportionate loss of in- 
tensity. Lastly, in tig. 633, each sine, and 
each copper, joins one common conductor, 
each on ita^own side, throwing the six 
eouples into one surface of six -fold extent 
to tig. 630. The arrangement may be ex- 
pressed, assuming the resistance of a single 
cup as unity, thus : 1. jj * 1*6. $ 0*666. 

| « 0 166, and so for uny number of couples. 

880. Electrical retarding power 
of the battery. — Ohm’s law.— A cer- 
tain resistance to the pannage of u voltaic current in offered by 
every' additional element placed in the circuit as well as by increased 
length of conductor. The new proportion thus acquired by the com- 
pound circuit have been already alluded to (805). 

Ohm, of Herliu, in 18127, first demonstrated mathematically the law 
regulating the How of electricity in the coni|s>utid battery. As the ap- 
paratus is composed solely of conductors of different retarding power, 
the electric current must proceed, uot only along the connecting wire, 
from pole to pole, but al»o through the whole apparatus ; the reniatauce 
offered to the passage of the current consists therefore of two parts, oue 
exterior to, and one within, the apparatus. 

Let the ring, a be, in fig. 634, represent a homogeneous conductor, and lata 
source of electricity exist at A. From this source the chetrieity will iliffuM 
itself over both halves of the ring, the punitive passing in the 634 

direction n, the negative in 6, and both fluids meeting at e. Now ^ 

it follows, if the ring is homogeneous, that equal quantities of 
electricity pass through all sections of the ring in the same time. 

Assuming that the passage of the fluid from one cross section of 
the ring w> another, is due to the difference of electrical tension at 
these points, so 1 that the q u an tiUp which pusses is proportional 
to this difference of tension, the consequence is, that the two fluids 
proceeding from A, must decrease in tension the further they recede from tha 
starting point. 

This dec mewing tearioa may be represented by a diagram. Suppose the ring 
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la fig. 635, to bo stretched out to the Use A A'. Let the ordinate A B rej. resent the 
tension of positive electricity at A, and A' B' the nega- 635 

tire tension at A', then the line B B' will express the 
tension for all parts of the circuit hy the varying lengths 
o! the ordinates A B, A' B', at every point of A c or e A'. 

E 

Hence Ohm's formula F = — , where F represents the 
H 

Strength of the current, E the electro-motive force of 
the battery, or the attraction of zinc for oxygen, and H 
the resistance. Therefore, the greater the length of the circuit, the loss will be 
the amount of electricity which pauses through any cross section in n given time, 
In exact terms, this law states that the ttremjth of the current it iwertrly propor- 
tional to the remittance uf the circuit, and directly at the electro-motive force. 

In the simplest Voltaic current, we have not a homogeneous conductor, 
but several of various powers. To illustrate this, let the conductor, A A', fig. 
636 , consist of two portions having diflcrcut cross sec- 636 

lions. For example, let the cross section A d be n 
times that of d A'; then, if equal quantities puss 
through all sections in equal times, and if through a 
given length of the thicker wire no more fluid passes 
than through the thinner wire, the difference of tension 
at both ends of this unit of length of tho thicker wire 
1 

must be only th of what it is in the latter. Thus, “ the electric fall,” as Ohm 
n 

calls it, will he less in the case of the thick wire than of the thinner, us shown 
by the line B r in the figure. The result is expressed in the law that the ** electric 
fall” it directly m the Kprrt fic renimtunvet tf the conductor *, and invrrtrltf at their 
cross sections, ilenc*. the greater the resistance offered hy the conductor, the 
greater the fall, Tim very simplest circuit must therefore present a series of 
gradients expressive of the tension of ilK various points — as one for the con- 
necting wire, one for the zinc, one for the fluid, and our for the copper. Tbs 
electro -motive force of a voltaic couple ; *• K” of Ohm’s formula t may la* experi- 
mentally determined, and is proporiioriul to the electric tension at* the end* of 
the newly broken circuit. 

881. Formula of electric piles. — It follows, from what has been 
•tilted, that the intensity, 7, of a current, united hy a homogeneous 
wire wluwe length in /., may he represented by the formula 


in which r designates a length of wire representing the resistance of 
the pile or its reduced length, and E the electro-motive force measured 
by the tension at the poles when the circuit is broken. 

If the resistance of the pile is nothing, or an insensible quantity, as 
in the case of a thermo-electric couple of great surface, the formula 
E * 

\ l ** T-* That is, the intensity of the current is in the inverse 
alio of the length of the homogeneous wire joining the poles of tl* 
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battery. If, however the pile itself offers sensible resistance, as is the 
ease with hydro-electric piles oomposed of many couples, the formula 
shows that the intensity of the current is in the inrerse ratio of the length 
if the connecting wire increased by a constant quantity , r, which repre- 
sents the resistance of the pile itself. 

In the case of many different sources of resistance, interposed in the 
circuit of the connecting wire, L represents the sum of the reduced 
lengths equivalent to these resistances. 


Intensity given by many couples. — In the formula, 


/« 


E 


let E be the electro-motive force, and r the resistance of a single couple, 
L and r being always reckoned as lengths of the same kind of wire 
taken ns a standard of comparison ; we may then consider many 
couples united one to another in a series os shown in fig. ft.'JO. Olun 
considers that each couple produces an electric current which traverses 
the pile os if that couple was alone, so that the electro-motive force of 
the scries, or the tension at the pole* whieh measures it. will he the sum 
of the electromotive forces, E f E f ~f F/' { .... of all the couple* 
in the series. In the same manner the current, produced by each couple 
traversing all the others, meets with a re-istauee equal to the sum, 
r -f r' -f- r" -f • •. of the resistance* of all the couple* ; lienee, 


F i F/ \ F" 4 ■ . . . 

L r r * r' \ r" -f . . . 


If the couples are all equal to each other, and r represents their num< 

n F 

l>er, the formula becomes / *= ~ j— This shows that the intensity 

of the current, from a series arranged one by one. is proportional to 
the sum of the electromotive forces of all the couples, and inversely as 
«he total resistance of the circuit including the pile itself. 

If we designate bv r, l, .t the conductibility, the length, and the section 
of a wire: and bv r\ l', h' the same quantities for a second wiro.it 
follows from the principles already established, and from the fact that 
the resistance of a wire is in the inverse ratio of its conducting power, 
that two wires will produce «»qnal diminution of the intensity of the 
name electric current when : — 


L 3 as or, hr 'c' « V or , l *** l' — 

sc sc *' if 

The third equation expresses the length of a wire whose section Is #, 
and conductibility c, that will prrxiuce the same effect upon the currenl 
§• ar ether wirtf whose length is V, secti< n s', and conductibility 
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This value of l is called the reduced length of the first wire as ooa* 
pared with the second. 

If we have a series of wires united together by their ends as a 
compound conductor, the equivalent length of the first wire will be 
expressed by the formula : — 

sc sc sc / V l" Y” \ 

1 ” l 'y? + l "*"c" + l " + • ' ■ ■“ * c ( V? + s"c" + ) • 

Effect of increasing the number of couples in a battery. — 

The consideration of the formulas given above shows that, 

1. The intensity of the current increases with the numl c of couples 

E 

Dividing both terms of the fraction by n, it becomes I » J this 

- + f 
n 

shows that the value of / increases with increase of n, or the number 
of couples. 

2. The increased intensity of the current, by increasing ti«e number 
of couples, is more evident when L is great in comparison with r, or 
when the external resistance to he overcome is much greater than the 

L 

resistance of the battery. If on the contrary L is very small, — is also 

very sca’.i, and the intensity of the current changes hut very little with 
any increase of the number of couples. 

nE E 

3. If there is no exterior resistance, or, L — 0, l = — = ■ . In 

nr r 

this case the intensity is not varied bv varying the number of couples, 
or otic couple gives as great intensity as any number of couples. 

4. The intensity is not increased by increasing the number of couples 
when each octuple added is Accompanied by nn exterior resistance equal 
to L\ or. in other words, when the exterior resistance increases iu the 
tame ratio as the number of couples, since on that supposition the 

formula becomes / =* — - — =» ~r — — . 

n L + nr tt r 

5. If the exterior resistance, h % is very great, 1 is very small, unless 
j» is made very great. This shows that it is necessary to employ a 
$reat number of couples when a great amount of resistance is to be 
overcome, as in the voltaic arctic and in the electrolysis of bodies that 
are imperfect conductors or in sending an impulse through a long 
telegraphic circuit. 

Effect of enlarging the plates of a battery. — If, instead of 
uniting many couples in a series, we unite a number of couples, m, by 
sola of the same name a« in fig. 633, it will be equivalent to enlarging 
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the dimensions of the plates of a single couple, the resistance of the 
battery will be — , and the formula becomes I = 


E 


We thus seo 


L + 


that if L, the exterior resistance, U very grout in proportion to r, the 
resistance of the battery, the intensity will be but little increased by 
uniting the couples by poles of the same name. If /, is very small In pro* 
portion to r. the intensity will he much increased by this method, mid If X 
Is so small that it may he neglected, the intensity will he proportional tc 
the extent of surface acting as a single couple We know indeed that 
when chemical action is exerted over a large surface, the quantity of 
electricity which traverses the connecting wire is also very great. 

Effect of enlarging the eonplei and increasing their number. — 
If the number and dimensions of the couples are both increased at 

u K E 

the name time, the formula becomes / «* — 

L f- - + 


nr 

m 

linos 


1’hia 


r 

n m 

shows that increasing the number of couples produces the sutne effect 
as diminishing in the same proportion the resistance of the exterior 
circuit, and increasing the surface of each couple has the same effect as 
diminishing the resistance of the pile. Hence: — 

j[f L, the res ista mr of the exlei ior circuit , it great, it trill /*? most 
adrantageou . » to unit*' many couples in a single series : Hut if the resist- 
ance of the extreme circuit is small, greater ad cant age mag hr obtained by 
uniting the con files by juths of the same name, in such a manner as fa 
form couples of large extent of surface . 

A most interesting application of these principles to the practical 
construction and use of batteries will be found in a paper by Mr. <1, 
Muthiot, Klectmtvpist of the Cnited States (\>asl Survey. (Am. Jour, 
Sci. [nj XV. :;»>;> ) 

hS2. Faraday's nomenclature. — Faraday Inis introduced certain 

term" into the language of electrical science, which are general i\ adopted 
f'»r their convenience, und their absence of u**»in»cd or theoretical notions. 
Electrode is u*o»d in place of pole, to which latter term, meaning the 
terminal wires of a battery, I>u\y and other* seemed to attueh a sense 
as if it iMwscssed a certain nttracti\e force, like the pole of u magnet.— 
Electrode {from ifttrpo,, and 63o^ a way), means simply the way or 
door by which a Voltaic current enters or leaves a substance. 

Anode is that surface of a body receiving the current, or the positive 
tide of the series, from uva, upwards (as the sun rises), and a way. 

Cathode is that surface of a lx*dy from which a current flows out 
Awards the negative side of the series, from sard, downwards, ns the sun 
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sets, and ddo?, a way). The observer is supposed to face the noi th, with 
the positive of the battery on his right hand, and its negative on his left 

Electrolyte is any substance capable of separation into its con- 
stituents by the influence of a Voltaic series (from ijXexrpo v, and Xuo, 
to set loose;. Electrolysis, the act of decomposition. Electrolyzed, and 
dectrolyzable, arc obvious derivatives from the same words. 

Ions (from lov, neuter of el/it, to go), are the elements into which an 
electrolyte is resolved by the current. These are either anions , elo- 
ments found at the anode, or catons , ions found at the cathode. 
Hereafter we shall employ these terms when they are appropriate. 

VI. THC EFFECTS OF THE VOLTAIC PILE. 

1. Physical effects. 

883. The Voltaic spark and arch. — In 1809, Davy, with the 
extensive series of two thousand couples at the Royal Institution, first 
demonstrated the full splendors of the Voltaic arch between electrodes 
of well-burned charcoal. However powerful the series may’ be, no 
effect is seen, in the air, until the points of the carbon electrodes are 
brought into Actual contact, or at least insensibly near, llerschel 
noticed that an electrical spark from a Leyden fi.JT 

jar, sent through the carbon points, when near 
each ether, established the flow of the Voltaic 
current, hy projection no doubt of material particles. When the spark 
passes, then the electrodes may be withdrawn, as in tig. 

537, and the arch of electric flame connects them with a 
white and violet light of intolerable brightness : several 
inches in length if the pile is very powerful. This arch 
of seeming flame is not produced hy the combustion of 
the ear! K»n electrodes, since it exists, with even greater 
brilliancy, in a vacuum, or in an atmosphere of nitrogen 
or carbonic acid. Despretx states that in vacuo with a 
powerful pile, the Voltaic arch may be formed at some 
centimetres distance, without contact. Fig. C38, shows a 
convenient apparatus for this experiment, tn vacuo, or in 
various gases, as in Davy’s original experiments. The 
Voltaic arch is accompanied hy a loud hissing or rushing 
sound, due to the mechanical removal and transportation 
of particles of carbon from the positive to the negative 
•lectrode, by which the former is diminished in length, or 
made eupehaped, while the latter is sensibly elongated, 
as first noticed and described by Prof. Silliman, in 1822 
(Am. Jour. Soi. [1] V. 108), in the use of a powerful deflagrator < 
atraoted by Dr. Hare. 






Through colored glasses, these particles of carbon can be conveniently observed 
apparently moving slowfy from pole to pole, and giving unquestionably that ova* 
form to the arch, seen in fig 639, when the electrodes are vertical, and the nega- 
live carbon is uppermost There is also distinctly to be seen, a certain structure 
in sones, or bands o* different brilliancy. When the image of the carbon electrodes 
is projected on a screen, fig. 640, as was first done by Foucault with the electric 
lantern, (he growth of the negative 640 641 

and the decrease of the positive elec- 
trode is easily observed, without in- 
jury to the eyes. The negative carbon 
is seen to glow first, as 339 
if the light originated 
there, but as the experi- 
ment advances, the posi- 
tive carbon becomes the 
most briliant, and main- 
tains this superiority du- 
ring the experiment ; be- 
soming at the same time 
cup- shaped. 

The Voltaic arch is magnetic, or capable of influencing the ninguel. bv the 
approach of which it is deflected, as seen in flg. 041. or it is made to revolve 
with a loud hissing noise; a fart first 
observed by I>avy, hut since carefully 
studied by I)e la Rive, Qui t, and !>» ' 
pretx. This fact is far more conspicuous 
in the arc from the induction coil, g IC».l. 

884. Regulators of the elec 
trio light. — Since the introduc- 
tion of powerful constant butteries, 
it haa been ptwmble to uhc* the elec* 
trio light for noientific and econo- 
mical purposes. For this purpose 
regulators have been devised to 
render the light constant, by ap- 
proaching the electrodes in pro- 
portion as they are consumed. 

In fig. 642, is shown that of Peleuil. 
of Paris, and its details, in fig 6411. The 
two carbon points, P and X, are held 
)n position by two vertical rod*. of 
which the lower one, P, is moved up 
wards by the mechanism in ftp. t:; . 
while the upper one, X, passes thr au l: 
the ball, P, with friction. The flow of 
the current is shown by the arrows 

arriving at 0 , and departing at II. _ ^ 

The frame of the apparatus is of cast- 

ifen. The slightly concave mirror, K, it tor purposes replaced by x large 

parabolic miner. When the sine electrode is connected with O, and the carbon 
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with H, communication is established by depressing N with the hand. As the 
current in its circuit passes through a coil of wire surrounding the electee- 


magnet, E, fig. 643, the soft iron armature, m, on 
the lever A, is drawn up to E, so long as the cur- 
rent flows, but if it is interrupted, then m falls, 
and the lever A is drawn upwards by the spring, 

B, acting against the fulcrum, L : the effect of that 
motion is to raise the electrode, P, by a tooth, 

I, catching in 
notches on the 
Upright, K. In 
this way con- 
nection is n 
established with 
the battery ; and 
when this sim- 
ple much unison 
is once adjusted, it will act for hours with great certainty, 
maintaining the light constant. 


644 



Duboecq’s photo-electric lantern is seen in fig- 
044. Thin instrument is used to replace the sun in 
all optical experiments requiring a strong white light. 

The poles S and I are preserved at the same distance by 
the action of an electro-magnet in the foot K. upon a soft 
iron bar F F in connection with an endless screw V. moving 
the pulleys P P\ which are connected by cords with the poles 
8 and I. The contact of S and I induces magnetism in the 
electro- magnet K, while the springs K L regulate the motion 
of the machinery. The apparatus is simple ami portable, 
aud its effect is to make the electrical light so steady and 
cnn«lunt that it may lie used for all optical experiments. 

The positive pole sensumos much more rapidly than the 
negative, both from a mure intense actum upon it and 
because its particles are carried over and deposited on the 
negative pole, elongating the point of the latter. To pro- 
vide tor this difference, the pulley !*' is variable, and carries 
tho pole 1 up proport ioiiably faster, so that the focal posi- 
tion of t lie light remains unchanged. 

885, Properties of the electric light. — Like the 
solar light, it in unpohirizcd. It explode* a mixture of hydrogen and 
chlorine, ami acts on chloride of silver, ami other photographic prepa- 
rations, like the turn. Bodies made phosphorescent by the sun, are 
similarly affected hv tho electric light. In 184*J, Silliman took daguer- 
reotypes with it (Am. Jour. Sci. [1] XLIII. 185), and it is now used in 
preference to solar light, for the purpose of taking microscopic photo 
graphs. ( Du boscq . ) 



Fites n and Foucault, have compared, by photometric measurement, tbe light 
from niuoty-two carbon couples, arranged in two series of forty -six (679), wttk 
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Um tolar kean, and also with the oxyhydrogen or Drummond Ugl l. la * e'ear 
August dijr, with the awn torn hour* high, the electric light, assuming the suu 
M unity, bore to it the ratio of 2*6V: 1. r, the run was twice and a half non 
powerful : while the Drummond light. was only the one one hundred and forty 
sixth that of the min Ilunatu found the light from forty -right element* uf carbon, 
equal to tire hundred and seventy -two candle*. The intensity of the electric light 
<U|»cnds far tu«»re on the sise of the indiv idual tttetuher* «»f the pile than on their 
number. The effort from forty large aired couple* wan found by Fireau attd Fotl» 
cault to be about the name a* that from double the number, wheu the eighty 
were arranged consecutively, a* in tig. tWU, while, with the *ume clement* ill 
two parallel eerie*, there was a very great increase of effect. Fraunhofer showed 
that the spectrum of the electric light was distinguished from that of the suit 
by a very bright hue in the green, and a somewhat tea* luiuinoii* one in ilia 
orange (461) Dove ha* lately shown i Poggcndortl '* .4 h*o/«m. 1 S.«7 , No. 6) that 
this light has t wo distinct source*: 1st, the ignition or incandescence of the 
translated particles, passing in the course of the diseharg* : 2d, the proper 
electric light imdf. On the eontiarv. Draper has shown that the . pectrum from 
a glowing platinum wire heated by the battery, contain* ho dark lines, so that* 
unlike the electric light, it is strictly white 'Am. Jour. Set j‘.*l VII!.* It 16). It 
is not only partule* of carbon which pass in the Voltaic arch, but of whatever 
conductor may bum tin positive electrode, as platinum, or any metal, and the light 
varies iu it* optn a! properties with every change of the electrode. (Wheatstone.) 

i*N6. Heat of the Voltaio arches Deflagiation — When the poni- 
live ebvtrodo is fashioned into a anmll crucible of carbon, 

Ail in fig. G b f >. gold, silver, plntinntn, mercury, and ot r Vim 

aulwttatices, are speedily fused, deflagrated, or volatile I, yjp *" 

vr*th ?nrimia-t*<d >rtvi lights. tm F 

The fusion of platinum (like wut in a candle) before the Voltaic 
arch is significant of its inn use heat, and still more, the volutiliza- Mj&mnSp 4 
lion and fusion of carbon, a result first announced by l’rof. Sillimau 
in 1 >22, and since con hr nod by Despret*. who. by the union of the 
heat of si\ hundred rnrl»»ii couples arranged m numerous parallel aerie*, and 
conjoined with the jet of an nay hydrogen bh-w pipe, and the hem of (he mid- 
day sun. focalized by a powerful burning glass, sue* »< d« d in i.dmiliriug the 
diamond, fusing magnesia and silica, and softening anthracite. The diamond 
is also softened, ami converted into a black spongy imt** resembling coke, or* 
more nearly, the. black diamond found in the brim ban initn> 

A delicate stream of mercury being allowed to flow fn-tu a narrow elongated 
funnel (the negative electrode), upon a surface of mercury in n gins* va*e form 
tng the positive electrode, is deflagrated with trari*<<iidetit splendor. Many 
yard* of number twenty platinum wire, held between the electrodes, may be 
kept in the full glow of white heat for a long time. The teacher can dcvlst 
many pleasing additional experiments, as drawing the nnh beneath water, oil, 
aud other liquids, from points of carbon, or from platinum and »te<d wire*. 

When a fine platinum wire is made the positive electrode, and a solution of 
eblorid of calcium, or any other metallic ehlorid. is made the negative elec- 
trode, on touching the surface uf the liquid with the point of the fine wire. If 
the series is powerful the wire is fused «n the surface of the liquid, evolving a 
light of surpassing beauty, whose color is that appropriate tmhe tnetal in solu- 
tion ; t. y.. from calcium salt*, violet red ; from sodium, yellow ; from zarium* 
6 1 * 
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reddish-yellow ; from potassium, violet ; from strontium, red, Ac. These bean- 
♦Sftil facts wore first noticed by Dr. Hare. 

Dr. Page has described a singular motion imparted by the current to globules 
cf pure mercury, placed in a shallow dish, and covered by acidulated water: the 
globules elongate to ovoids and move actively about, one end, That towards the 
•f pole, being clouded by escaping gaj -bubbles. If the mercury contains sine, 
the position of the clouded end is reversed. (Am. Jour. Sci. [2], XI., 192.) 

887. Measurement of the heat of the Voltaic current. — By 
neans of a long wire coiled into a close spiral, and enclosed in a calo- 
rimeter of glass, containing water, Becquerel and others have established 
the laws regulating the flow of heat in the electric current, by its effect 
in elevating the temperature of the water. A coil of platinum wire 
eontained in the bulb of a Sanctorio’s thermometer, becomes a means 
of estimating the heat of currents too feeble to he otherwise measured. 
The results are, that when a Voltaic current traverses a homogeneous 
wire, the quantity of heat in a unit of time is proportional : — 

1. To the resistance which the wire ojiposcs to the passage of the elec* 
tricity : 

2. To the square of the intensity of the current. The intensity of a 
current is measured by the quantity of water which it will decompose 
in a given time. 

For a given quantity of electricity, the elevation of temperature at 
different points on a conducting wire, is in the inverse ratio of the 
fourth power of its diameter. 

Draper has applied the coefficient of expansion to determine the 
degree of heat corresponding to a particular color (585). 

2. Chemical effects of the pile. 

888. Historical. — The chemical effects of the pile are most wonderful, 
and the present advanced state of chemical science is largely nttribu- 
table to the flood of light shed by the researches of Davy and Faraday 
upon the electrical relations of the elements and the decoin position of 
compounds by the Voltaic circuit. 

In 1800, immediately after Volta's announcement to Sir Joseph Banks of bis 
discovery of the pile. Messrs. Nicholson and Carlisle constructed the first pile 
in England, consisting of thirty -six half crowns, with as many discs of tine and 
pasteboard soaked in salt water (864 ). Observing gas -babbles arise when the 
wires of this pile were immersed in water, Nicholson covered them with a glass 
tube filled with weter, and, on the 2d of May. 1800, completed the splendid dis- 
covery, that the Voltaic current had the power to decompose water and other 
ebemieal compounds. Stimulated by so fine a result, chemists and physicists 
everywhere repeated the experiment, perfecting the methods of obtaining the 
oxygen and hydrogen gases iu a separate condition. The chemical theory cf 
&e pile, originally. advanced by Fabbroni. a countryman of Volta’s, some years 
before, was taken up and ardently advocated by Daty, who. in 1891, had sue* 
•Otded to a place in the laborn ury of tbe Royal Institution : where, on the Rk 
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ff Ortobw, 1 4G7, Bidf, by tin Yeltel© the memorable dlneovvry tf 
potassium, (be metallic bane of potass*. before regarded a* a simple substance j 
andaoon alter established the startling truth, that all the earth* and alkali**, 
BOlU theft utMated simple substances— the whole crust of the globe, in (kct— 
ware oxyd* of metal*, whose existence had hitherto been unsuspected. 

589. ZUaotrol yaia of water.— Voltameter.— The Voltaic decorn- 
pueltion, or electrolysis of water, is the ft neat |*M»tblo illustration of 
the chemical . power of the pile. Water is a cum poo ml of oxygen and 
hydrogen gases, in the proportions of one measure of th© former to twe 
of the latter. When two gold or platinum wires are connected with 
the opposite ends of the battery, ntul held a short distance asunder in 
a cup of water, a train of gnu-bubble* will be seen rising from each, 
and escaping at the surface. If the electrodes are not $47 


of gold or platinum, the oxygen combines with one of 
them, and only hydrogen escapes, as in Nicholson’s ori- 
ginal experiment. With two ghi.N'. tubes placed o\er the 
platinum poles, fig. (>4b, We can collect #4,, 


then© bubbles as they rise. The gas 
(hydrogen) given off from the negative 
electrode is twice the volume of that 
obtained from the positive. When the 
tubes are of the same ante. this differ 
ence become* at one© evident to the 
eye. By examining these gases, we 
shall find them, respectively, pure hy- 
drogen and oxygen, in the proportion 
of two volumes of the funner to one of 
the latter. Agreeably to principles 




already explained, the oxygen (electro-negative) appears at the -f elec- 


trode, and the hydrogen (electro-positive) appears at the — electrode. 


The rapidity of the de©oiit)H.Mtion i* greater when the water is made a 


better conductor, by adding a few drops „l sulphuric acid; and for 
rapid electrolysis the number of couple*, in the series should he in- 


creased to overcome, by superior tension, the b.w eon- 


04H 


ducting power and chemical affinity of the electro- 
lyte. If a single tube only covers both electrodes, as 
in fig. 64<, the total electrical effect is easily measured 
by the graduation of the tube, the quantity of gases 
given off in a unit of time being directly ns the current. 
The contents of this tub© will explode if a lighted 
natch 1 * applied to them, or if an electric spark 
through them. Such an instrument is a Yoltan 



A mm van tent fore* of this instrument i« seen in fig. #Ms, made of a rotmito 
•vttte, fitted with *c*d water; the platinum chetrodex pass through the eork an 
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end in two plates of platinum, while s bent gas tube of glass conveys off tk* 
accumulating gases as fast as they are evolved by the electrolysis. 

890. Laws of electrolysis. — From a great number if elaborate 
experiments, the accuracy of which remains unshaken. Faraday has 
deduced the following general laws of electrolysis. 

1st. The quantity of any given electrolyte, resolved into its constitu- 
ents by a current of electricity, depends solely on the amount of elec- 
tricity passing through it, and is independent of the form of apparatus 
used, the size or dimensions of the electrodes, the strength of the solu- 
tion, or any other circumstance. Hence, the amount of w r ater decom- 
posed in a given time in the Voltameter, is an exact measure of the 
quantity of electricity set in motion. 

2d. In every case of electrolysis, the elements are separated in 
equivalent or atomic proportions, and when the same current passes in 
succession through several electrolytes in the same circuit, the whole 
series of elements set free are also in atomic proportions to each other. 
It follows, therefore, that the amount of electricity required to resolve 
a chemical combination, is in constant proportion to the force of chemi- 
cal affinity by which its elements are united. 

3d. The oxydntion of an atom of zinc in the battery, generates 
exactly so much electricity ns is required to resolve an atom of water 
into its elements. Thus. 8‘4'» grains of zinc dissolved in the battery, 
occasions the electrolysis of 2’35 grains of water. But these numbers 
are in the ratio of 32*5 : 9 the equivalents, respectively, of zinc and of 
water. Hence follow these corollaries: — First, 7 Vie .vo?/;rr of Voltaic 
electricity in the pile in chemical action solely. Second, The farces termed 
chemical affinity and electricity, are one and the same. 

One or two additional illustrations of these laws will suffice in this 
place, referring the student to chemical 
treatises for a fuller discussion of this 
very important topic. 

891. Electrolysis of salts. — In the 
bent tube, B A, fig. 04*3, put a solution 
of any neutral salt ; i. e ., sulphate of 
soda, and diffuse the blue solution from 
a purple cabbage in the liquid. Let the 
current of a Voltaic pile communicate 
with this saline solution by twro platinum 
wires, dipping into the legs of the tube — 
presently the blue color of the solution 
Is changed on the positive side for red, and on the negative for green 
Indicating the presence of an acid set free in A, and of an alkali in B 
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it the action io kept up, tlie ^rhole of the blue liquid is changed to rod 
and green. Transpose, tlien, the -f and — wires, tn as to reverse the 
direction of the current ; presently, the red and green change back to 
bine, and, in a short time, that which was red becomes green, and rice 
9cr*a. This is a case of electrolysis in which the electrolyte (sulphate 
of soda) is changed, not into its ultimate elements, but only into the 
acid ami alkali, which rimy be culled its proximate constituents ; any 
Other saline fluid may be substituted with similar results. If an alka- 
line chloride is used, i. r, common salt, the free chlorine evolved on 
Ills -f side, discharges all color, while the soda produces on the — 
side its appropriate green tint. If a metallic Milt, r. <j , sulphate of 
copper, or acetate of lead, is iimmI in A H, then, on the -- - side, metallic 
copper or lead is evolved; while, on the 1 side, is the free acid before 
in combination in the salt. 

A more surprising example of the apparent transfer of elements under Iht 
power of the Yoltaie current, i» illustrated in fig fi. r *0, where in It, the centre glass^ 
of the three wine-glasses. A It i» 

Solution of sulphate of soda, while A 
ami V contain only pure water, blued 
with cabbage Solution Tilunicut* of 
moist cotton wick connect the three 
glasses, and the electrode* are iutr 
dared into A and ('. when the shu 
sei ies of changes, already dearrilwd in 
fig. take* place, with the snine re- 

versals when the electrodes are trans- 
ferred It remains apparently unchanged, while C is rcddvncil, and A become* 
green, <*r »»<r im«. There is. in fuel, nothing more wonderful in this ra*«* than 
in the last, only the dis-ierium of the proeess into tin parts, make* the result 
still more striking. In place of A T* <*, any number of g with different 

•alts and compounds, may. with a powerful series of flu r substituted, 

with results conformable to the law in 

W2. Electro-metallurgy.— The electrotype. The cold mating 
of metal* by the Voltaic current, is u fun* example of 
the rich gift* made by abstract science to the practical 
art* of life. Kvrry IhwiclP* battery is, in fact, uti 
•lectro-metallic bath, in which metallic copper of a 
firm and flexible texture i* constantly thrown down 
from notation. 

The vary simple apparatus required to show these result* 

•Xperimeotally, is represented in the fig 661. It is nothing, 
la fist, but a single cell of Ilanirll’s batttery. A gl*«s tum- 
bler, 8, a oarnmon lamp-chimney, P, with a bladder-skin 
tied over the tower end end filled with dilute sulphuric acid, 

If all the apparatus required. A strong solution of st.lphnfe 
•f copper is put into the tumbler, and a sine rod, Z, is inserted in P ; the r 
ar eaata, mm, an susp mded by wires attached to the binding screw of Z. Thus 
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arranged, the copper eolation ie slowly decomposed, end the metal is even’y and 
firmly deposited on mm. A perfect reverse copy of m is thus obtained in solid 
malleable copper. The back of m is protected by Tarnish, to prevent the adhe- 
sion of the metallic copper to it. [n this manner the most elaborate and eotilj 
medals are easily multiplied, and in the most accurate manner. In practice, 
reverse casts of the object to he copied arc first made in fusible metal or wax. The 
art is now extensively applied to plating in gold and silver from their solutions ; 
the metals thus deposited adhering perfectly to the metallic surface on which 
they are depo tiled, provided these he quite clean and bright. 

Even alloys, as bronze, brass, and Gorman silver, may l>e deposited according 
to electrolytic law. 

The positive electrodes should 1»»« of the same metal as that in solution, and 
as large as the surfaces to be coated, and these should not be larger than the 
plates of the battery furnishing the current. The arrangement of apparatus 
commonly used in this art, is seeu in fig. 651', where the metallic solution is bald 

662 



in a separate bath, over which urc extended two stout rods ; B, carrying the 
objects, »i, in connection with the negative aide of the battery ; and with the posi- 
tive side, the rod l). on which ts suspended u plate of the metal proposed to be 
deposited, to maintain the uniform strength id' the solution, which is preferably 
kept at a somewhat higher temperature than that of the air Wood-ruts and 
printers' types arc thus copied in copper, the moulds takcu in wax from them 
being made conductor* by du-tin); over the surface with extremely fine plum- 
bago, All the copper plates fur the eharts of the United Slates Coast Purvey, 
sre reproduced bv the elect tot ype-~ -the original* never being used in tbc f re»S, 
Hit only the copies; and any required number of these may be produced at 
small expense. For au instructive account of these extensive electrotype opera- 
tions, the student is referred to a pu|»er by the Klectrotypist of the Coast Sur- 
vey, Mr. G. Mathiot (Amor. Jour. Set. [2j, XV., 306 \ 

893. Crystallisation from the action of feeble enrrenta. — It 
wna known to the alchemists, very early in chemical history, that cer- 
tain metals, us gold, silver, copper, lead, tin, Ac., were deposited in a 
pure, or condition, from their solutions, wheu another metal 

was present, or even sometimes without that condition. Thus the lead 
tree (arbor Saiurmr ), the tin tree (arbor Joris), the silver tree (arbor 
were so calLi by the alchemists, from tbe apparent growth 
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of those metals out of their solutions, and iu tree-like forme. This 
growth we now know to he due to Voltaic crystalline deposition. 

Bxamplat. — A solution of ehlorid of gold in other, by alow change, deposit* 
spontaneously, crystals of fine fold, in elegant umasdike growths ; and Liebig ha* 
shown us bow to prepare a silver volution, which, by the aid of an essential oil at a 
reducing agent, will coat glass with a film of silver so thin as m bo transparent, 
and atilt to brilliant as to reflect light wore perfectly than the boat mercurial 
mirror* 

A dilute aolution of acetate of lead (half an ounce to a quart of rain water), 
surrender* ail iu lead to a atrip of tine bung in the containing bottle, in elegant 
crystalline plate* {tk< ari,«r Saturn* r); (bit, and the nett case, are true Voltaic 
sircuiU, while in the first two cases, hydrogen appears to supply the want of the 
second element of Voltaic couple. In like manner, a dilute solution of nitrate 
•f silver, placed oror mercury, soon deposits all its silver in an arborescent form 
(arbor j>ta»<v) on the mercury. 

But the most instructive case of this kind is when a bar of pure tin is placed 
Upright in a tall vessel, the lower half of which is filled with a saturated solution 
of protoohbTui of tin, while above it rests a dilute solution of the same salt. 
The bar is therefore in two solutions chemically identical, but physically unlika 
The result is a Voltaic current, by which metallic tin, in beautiful brilliant plates, 
is deposited upon the upper part of the bar, while the lower part is correspond- 
ingly dissolved by the free electro. negative element of this electrolysis. 

The earliest recorded experiments with this species of Voltaic circuit. are thus# 
of Burbots ( 1 Sfi7), whence this slow -acting pile is sometimes called the •• UuvUvh* 
ftiir.” ite<*qurrcl has greatly extended our knowledge of the anions thus pro- 
duced, forming thereby many non -metallic crystalline products, ('ross thus 
formed crystals of carbonate of lime iu two dsys in the light, or in six days in tho 
dark. Mallett thus produced crystals of copper, and of red ox vd of copper, in 
a single night from the nitric solution. (Am. Jour. Sei [2J XXX. 

HIM. Deposit of metallic oxyda and Nobili’s rlnga.—Hrcipiercl 
has shown that oxyd of load and tixyd id' iron may he deposited in 
a thin film on the surface of oxydixnhlt* metals by using an alkaline 
solution of the metallic oxyd. and making the plate to lie nxydixed the 
negative electrode of a constant battery ; a deep brown coating of the 
oxyd is thus deposited iu a few minutes so firmly as to withstand the 
action of the burnisher, and perfectly protect the iron or steel from 
atmospheric action. 

If the film of oxyd of lead is very thin, it presents, over a surfs* 
of polished silver or steel, a most pleasing exhibition of colored rings, 
analogous to the c dnred rings of Newton from thin plates (530). For 
this purpose the negative electrode is made of a thin platinum wire, 
protected from the solution by a glass tube, except at the extremity, 
where a mere point is presented. A rim of wax on the edges of the* 
plate retains the solution of potassa, saturated with oxyd of lead, while 
it is connected on the positive pole, and the negative point is held for a 
few seconds within a line of the' polished surface. These colored rings 
were ftrst noticed by Mr. Nobili, whence their name 
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3. Physiological effects of the pile, 

895. The physiological affects of the Voltaio pile. — G&lvam's 
original experiment, and the earlier observations of Swammerdam and 
Snlser, of two metals on the tongue, deserve to be remembered as being 
our earliest knowledge of this subject. From a single cell, or even a small 
number of pairs, the dry hands, grasping the electrodes, receive no sen- 
sation ; number, and not size of elements, is requisite for the physio- 
logical effect. Thus, from a column of fifty elements, or still more from 
fifty cups of B insen, or a Cruickshank’s trough (870), a smart twinge is 
felt, reaching to the elbows, or if the hands are moistened with saline 
or acid water, the shock will be felt in the shoulders. This shock is 
unlike the sharp and sudden commotion from statical electricity, being 
a more continued sensation, accompanied, during the continuance of the 
current, by a sense of prickly heat on the surface. But it is only at 
the making and breaking of contact that a shock is felt. If the battery 
contains some hundreds of couples actively excited, the shock becomes 
painful, or even fatal. It may be passed through any number of per- 
sons whose moistened hands are firmly joined, but it is sensibly less 
acute at the middle of such a circuit than to those at the electrodes. 
Even after death, this power produces spasmodic muscular contrac- 
tions, efforts to rise, and contortions of the features frightful to behold.* 
Persons in whom animation was suspended, have been restored by the 
influence of the hydro electric current on the nervous system. 

The sen non of sight, hearing, ami taste, are all affected by a Voltaic current; 
t flash of light, a roaring sound, and a sub-metallic savor being received when 
the shock of a small battery is passed, successively, through the eyes, the cars, 
and the tongue. 

From the experiments of Becquerel, it appears that seeds subjected to a 
gentle elect ri" current, germinate sooner than otherwise. Von Murum observed 
that plnrUi with n milky juice, like the A\i/>A»r/.n»r<ir, do not bleed after a 
powerful electrical shock, owing, he suggests, to the loss of contractile power in 
the plant. 

For n detailed account of the application of electricity to medical uses, con- 
sult the works of I)r. U. ltird (of London), W. F- Chanuing (of Boston), and lh« 
late elaborate volume of Dr. Garrett. 

The magnetic effects of the pile belong to electrodynamics, 
while its electrical effects have already been considered iu 863, 864. 

VII. THEORY or THE TILE. 

8%. Three views. — 1. It has already been stated (863), that Volta 
anti his sehod ascribed the effects of the pile to the simple contact of 
unlike meta s, each decomposing the neutral electricity of the other. 

• Soo a notice of Dr. Ure's experiments on a newly executed criminal, si 
Glasgow, i« ISIS. Harris, Galvanism, 123, J. Waole. 
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H« argued that the chemical action of the tmttory wat requisite only 
to afford conductors for the electricity, while the metallic eubstaiieee 
remaining in every way unchanged, they are supposed to discharge 
into each other. According to this hypothesis, the two metala are In 
opposite electrical states, one being positive, the other negative; these 
elates becoming at once destroyed by the intervening fluid. This theory 
assumed that the whole effect of the apparatus is hut a disturbance 
and reproduction of electrical equilibrium. This view, however, can* 
not ce maintained, since it involves an impossibility : — the production 
el* a continual current, flowing on against a constant resistance, with* 
out any consumption of the generating force. 

2. On the other hand, Fuhhrotti, Davy, Wollaston, and, above all, in 
our day, Faraday, De la Hive, and Becquerel have sought to establish 
that the Voltaic excitement was only the reciprocal of the chemical 
action ; and us this was more intense, and properly directed, so was 
the pile more powerful. In addition to the statements and arguments 
already adduced, it is proper here to consider the ground of these two 
views, and somewhat more in detail. 

3. A third view or theory of the pile has l»oen advanced by Poschel, 
which he calls the tuolmihir theory, and which rests on a sort of fuiddlo 
ground l>etween the contact and the chemical theories. 

897. Volta’a contact theory. — The advocates of this mode of ex- 
plaining the action of the pile (embracing nearly the whole hndy of the 
German physicists), contend that they have experimentally established 
the following points in sup|>ort of Volta's theory, vix. : 1st, That Volta's 
original experiments demonstrate the fact beyond question, that the 
simple contact of heterogeneous metals does produce an electrical cur- 
rent (846). 2d, That in some cases, when a purely chemical action 

exists between a fluid and one of the two metnU immersed in it, the 
contact of the metals arrests this action, and an opposite action com- 
mences. 3d, That there are even cases of hydro-electric combinations, 
in which electrical action exists, without any chemical action whateve* 
on the electromotors. 4th, The advocates of this view further contend 
that chemical action is never the primitive cause of electrical excite* 
went; although some do not question the influence of chemical action 
In promoting and increasing the excitement originally due to contact. 

Since scarcely any chemical action, or none at all, occurs in a con- 
stant battery without contact, it is, with reason, urged that contact of 
the heterogeneous metals is the one indispensable prior cause of the 
Voltaic current. Hence the real difficulty seems to be, to decide what 
•hate chemical influence really has in exciting the electrical action. 
Want of space prevents our giving the evidence in detail upon which 
hit 
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the advocates of the contact theory rely for the support of the above 
propositions. 

898, The chemical theory assumes the electrical current to be the 
reciprocal of the chemical action in the cells of the battery, and that 
chemical action is essential to the production of such a current. 

De la Rive demonstrated this latter point id the following manner: 
A pair, formed of two plates, one of gold, the other of platinum, wae 
plunged into pure nitric acid, without the development of any current; 
by the addition to the nitric acid of a single drop of chlorohydric acid, 
a very decided current was obtained from the gold to the platinum 
through the liquid. In the first case there was no chemical action ; in 
the second case, the gold was attacked, and the ulatinum was not, or 
more feebly. 

The laws of electrolysis, first demonstrated by Faraday, as already 
stated (890), lend the evidence of mathematical certainty to the cherni* 
cal theory of the pile. Since we thus reach the unavoidable conclusion 
that an equivalent of electricity is a chemical equivalent, and so bring 
the discussion down to the rigid test of the balance, the ultima ratio 
of chemists and physicists. 

In addition to the laws of Faraday, already rehearsed, are the fob 
lowing : — 

Laws of the disengagement of electricity by chemical action, 
first stated by M. Becquertd : — 

1st. In the combination of oxygon with other bodies, the oxygeu takes the 
electro-positive substance, and the combat iblc the electro negative. 

2d. In the combination of un u<-i<i with a base, nr with bodies that act at such, 
the first takes the positive electricity, and the second the negative electricity. 

3d. When an acid acts chemically on a metal, the acid is electrified positively, 
and the metal negatively : this is a cousequouce of the second law. 

4tli. In decompositions, the electrical effect* arc the reverse of the preceding. 

5th. In double decompositions, the equilibrium of the electrical forces is uot 
disturbed. 

The quantity of electricity required to produce chemical 
aotion is enormous, compared with the amount of statical electricity 
disturbed by the common frictional machine. Faraday has, in hia 
masterly way, demonstrated this fact by simple experiment. 

lie has shown that the quantity of Voltaic electricity requisite for decomposing 
ouo grain of water, would be sufficient to maintain at a red heat a wire of plati- 
num about one one-hundredth of an iuch ( 1 1 1 ) in diameter, during three minutes 
forty-five seconds, the tunc requisite to eflect the | erfect decomposition of the 
grain of water. The quantity of frictional electricity required to produce the 
Nino effect, would be that furnished by eight hundred thousand dijeharges of a 
buttery of Leyden jars, exposing three thousand five hundred square inches of 
Surface, charged with thirty turns of a powerful e eetricai machine. 

Boequerel, by a different mode of e&perimmt, a: rived at nearly tbs same 
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.IHkltt Therefore, to deeon |»m a grain of watir, requires m amount of eteo- 
•Holly equal to that furnished hr the discharge of an electric pane having a 
•urfaee of thirty two acre*. " Equal to a very powerful flash of Ughtulttg.* 
* Tht* rievr of the subject give* an almost overwhelming idea of the extraurdl- 
nary quantity of electric power which uaturally belong* to tho particles of 
matter/’ (Faraday Expu He*., S53-861.) 

899. Polarisation and transfer of the elements of a liquid.— 

The electro-chemical theory has boon much expanded by Hie researches 
of De la Rive ; he explain* the phenomena of polarisation ami titfl 
transfer of the clement* of a liquid in the following manner:— 

111* theory assume* that every atom ha* two poles, cuiilrary, hut of tho same 
force The different kind* of atom* differ from each o.hor in that some have a 
more powerful polarity than other*. When two insulated a I out* nrc brought 
near each other, they attract each other by their opposite pole* ; the positive 
pole of that which ha* the strongest polarity unites with the negative pole ot 
that which ha* the feeblest polarity. A compound atom, when insulated, hits 
therefore two contrary polarities between the poles nl a pile ; tor example, the 
atom is so arranged that its ♦ pole is turned to the platinum or —side) of 
the pile, and the -- pole is turned to the run' t") • side! of the pile. Thia 

tamo action occurs with other atoms, so that there is produced a chain of polar* 
Ued particles bet w ecu the poles of the pile. 

The oxygen of the particle of water nearest the nine becomes negative, 
twcau»« of Us affinity for the sine, and the hydrogen become* positive. The 
Other particles of walrr become similarly electrified by induction, but the 
platinum has become negative by induction from the sine, and therefore is in a 
condition to take up (he positive electricity from the sine of the contiguous 
hydrogen. The action now rises high enough lor the sine mid the oxygen to 
combine chemically with each other. The oxyd of sine thu- l<>iuiol dissolve* 
in the liquid (dilute sulphuric acid , and i« thus removed. Hut the parti do of 
tlrogvn nearest the sine, now seizes the oppositely electrified oxygen of tho 
adjacent particle, producing a fresh atom id water. The parin' le of hydrogen 
which terminates the flow is electrically neutralized by the platinum, to which if 
impart* its excess of positive electricity, and escape*- in the f«»iiu of gas; and 
other partndes of water arc continually produced, to supply the place of those 
decomposed, and thus continuous action is maintained. These changes, con- 
tinually taking place, furnish an uninterrupted flow of electricity, which if 
Conveniently termed a Voltaic current. 

Other instances of electrolysis are explained in a similar way. 

900 Chemical affinity and molecular attraction distinguished. 
—According to l>e in Krve, nod in Mipport of the view of the polarity 
of atom* the distinction between ihciuirul affinity and molecular 
attraction is a* follow- : chemical affinity i* the attraction of atom*, 
operating by their contrary electric poles, which come into contact, 
while physical attraction results from the mutual attractive action that 
the atom* exercise over each other in virtue of their masses. Thia Iitafc 
attraction is never able t<» pro lu contact, because of the repulsive force 
of the ether which envelops the atom, and which increase* in proportion 
M the sphere which separates the attracted atom* diminishes (Mfl). 
901. PeaoheiTs molecalax theory of tho pile. — Resting upon U» 
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opinion l mg hold by many chemists, that those forces which lie at the 
basis of adhesion, and those which cause chemical affinity are not essen- 
tially different. Peschel holds that — When electricity is generated in any 
Voltaic arrangement , it results from a molecular change , brought about 
is the touching Indies by the adhesive force which subsists between them. 

This theory possesses the advantage, that no new power need be assumed to 
exist, whereas, the contact theory demands the existence of an “ elect ro-moiirs 
/ores,** of which we know nothing. It also accounts for the production of elec- 
tricity, apart from any chemical action. In common with the chemical hypo- 
thesis, it deduces the phenomena of the single battery from the molecular forces; 
H considers the fluid not merely as a conductor of electricity, but as engaged is 
its production, aud that the elements of the battery, by the physical changes 
which they undergo, are the actual sources of electricity ; that their contact 
renders this change possible, and it is, therefore, the occasion, and not the gene- 
rating cause, by which the electricity is produced. By this view, the chemical 
hypothesis is only a special case of the molecular. The simultaneous com- 
mencement of chemical action with the development of electricity, and the 
circumstance that the chemical intensity of a simple Voltaic arrangement 
increases and decreases as the chemical action on the fluid conductor, and oo 
the elements of the battery is greater or less, fully accords with the statements 
of this theory. It follows, hence, that the electrical and molecular forces are one 
and the same, and that the latter appears as electricity whenever it passes from 
one mode of operation into the other, as, «. g. t when it oeases to hold the elements 
of tho water, and so oxydises the cine. 

{ 4. Electro-Dynamics. 

I. ELECTRO- MAGNETISM. 

902. General laws. — Electro-dynamics is that department of physics 
devoted to the mutual action of Volta-electric currents. These are 
distiuct front the phenomena of static electricity. The phenomena of 
electro-dy mimics may till he arranged under the following general 
propositions. 

1. Errry conductor , conveying a current of electricity , affects a free 
needle as a magnet would do. 

2. Electric currents affect each other like magnets. 

3. A magnet acts upon an electric current as a second current would 
have dene. 

4. Electric currents in conductors excite simitar currents tn other in- 
ductors within their injiuenct. 

5. Magnets excite electric currents , and all the electrical effects depend* 
tnffupon them. 

Hence, when magnetism is excited by electric currents, it is called 
sleet ro-m ay net ism : and inversely, when electrical currents result from 
magnetism, they are called magneto-electrical currents. 

It Is impossible, in our narrow limits of space, to consider eseh of these pro* 
positions In full detail. We shall endeavor, however, to present those pheao- 
■ m an and their applieati us which are of most general in tenet. 
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90S. (SriUd’i diioofiiy.— I q 1819-20, Prof, liana Christian CEr* 
•lad, of Copenhagen, in a oouree of researches upon the relation of the 
Voltaic apparatus to the magnet, made the discovery of the fundamental 
font of electro-magnetism, stated in the first of the foregoing proposi 
tkms. Many physicists had before sought to evolve the phenomena 
of magnetism from the battery ; but in vain, because they proceeded 
without connecting the pedes by a conductor, in which case, of courst 
(as we now clearly see), the power of the apparatus is dornmtti, like 
stagnant statical electricity in au unexcited conductor. CKrsted closed 
ike battery circuit by a conductor; and therein rests his discovery, lie 
found when such a conjunctive wire was approached to a free needle, 
that the needle was influenced by it, ns if he had used u second tuug* 
net: in other words, the conducting wire, of whatsoever metal it might 
happen to be, had itself become a magnet. 

If positive electricity flows from south to north over a horizontal 
conducting wire, placed in the magnetic meridian, then a free magnetic 
needle, b a, fig. 063, would have its north end, b, deflected to the west, 
663 664 
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if it is placed below the conducting wire, and to the east if it is placed 
mbovt the wire. If the needle is placed on the eust side of such a con* 
ductor, its north end is depressed , if mi the west side of the wire, the 
north end of the needle is raised, Reversing the direction of tho cur- 
rent, reverses all these movements. 

The reetangle, fig. 064, surrounding the magnetic needle, has three 
connections, hy the use of which the current may, at pleasure, be sent 
above or below the needle. 

<Ersted also found that only used let of steel or iron were thus affected sod 
sot those of brass, lac, and other non- magnetic substances, lie called the eon* 
doctor s ** conjunelirt wire,” and be describes the effect of the elrotrie current 
(or tbs “ electric conflict," as be calls It), as rttemhUttg a ktlir / and that It is 
sot confined to tbe wire, but radiates an influence at some distance. 

The effect of (Krsted’s discovery was remarkable. Tbe scientific world was 
ftps for it, and tbe trt h he thus struck out was instantly seised upon by Aro^s* 
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Amplre, Davy, and a crowd of philosophers in all conntri e*. The activity wifi 
Which this new Held of research has been cultivated, hae never relaxed, even U 
this boor; while it baa borne fruit in a multitude of important tbeoretic.il and 
practical truths, among wbicb is the elbctho-maosetjc telegraph, one of the 
great features of this age. 

904. The electro-magnetic current moves at right angles 
to the course of the conjunctive wire. — Let a current flow 
over a conductor in the direction of the arrow, fig. G55, frtm -f- to — • 
a email bar of soft iron, or a Htoel sewing- 
needle, held vertically before this wire, be- 
oomee instantly a magnet, with its N. pole 
toward the earth — place the rod of iron on the 
opposite side of the conjunctive wire, and its 
polarity is instantly reversed, as in the figure. Revolve it in either posi- 
tion in a vertical plane at right angles to the conjunctive wire, and the 
induced poles will retain their relation to the current in every position ; 
r. e., the end marked N. in the figure, will remain north at every point 
of the revolution. If a steel needle is used, it retains polarity after 
the current ceases to act ou it. If the bar or needle he laid parallel to 
the conjunctive wire, then the firo sides of the needle or bar have oppo- 
site polarities. 

Hence, It follows, that a free magnetic nredlr tends to place itself at right 
angles to the path of an electro magnet »r current traversing a conjunctive wire, 
and were the needle free from the directive tendency of terrestrial magnetism, 
it. would so place itself. The electro magnetic current is, therefore, a tamjnitijnl 
force, and act* tangentially upon a tree needle 

Simple as is the relation between the electric current on a wire, and the order 
of polarity induced hy it in a needle, its corn* t expression is always difficult. 
To aid its exact statement hy some sitftple formula, Ampere lays down the 
following rule: — 

, The north )*>lr oj' a magnet is invariably defected to the left of the 
current which passes between the % j needle and the olsserrcr, who is to hart 
his face towards the needle , the electric current being supymsed to enter 
from his feet and jmss out of his head. 

A verification of these cardinal principles hy actual experiment, is 
the only way in which the student can obtain a vivid and lasting im 
pressinn of them. 

905. Galvanometers or multipliers. — If the conjunctive wire is 

bent into a rectangle, fig. tViG, so as to carry (156 

the current once, or many times, around the 
needle, then the effect of the same force on the 
needle is multiplied in proportion to the num- 
ber of convolutions. Thus Schweigger con- 
trived his wuttifdier, fig. 65f», contftosed of a 
flit spool of fine insulated eop|»er wire within which the needle was 
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tospooctad. By tbii means a very feeble current became quite sensible. 
For ordinary purpose*, a few turns, or, it mar be, three hundred or 
four hundred convolutions suffice: but, for particular purposes, and 
where the cur* 657 


rent is very fee- 
ble, many thou- 
sand feet of very 
dne wire are 
used. 

In XubilC* do li- 
ft c gahtimomuttr, 
an astatic mted l« 

(fH7), is used, in 
which the needles, a 6. b* «\ fig. 657, arc not 
«| u i f«> equal, tear inf a very slight directive 
force only. Fig. Sit* shows llttj* delicate in- 
strument in its most perfect form, nn used 
in determining the law* of transmission of 
heat, as well as for other purposes d.m.ind 
inf s very sensitive instrument t»nh the 
lower and stronfer needle is cn**h»«ed to the 
helix, I), while the system i« suspended hr 
S fibre of raw silk, beneath a gla*s *hud«\ 
leveled hy three screw feet, t \ Th* * nd* 
if the spool are seen at II K, whtle I j the 
Dead, F, the whole instrument may !«• re- 
volved so as to bring the wire* of the spool 
parallel to the suspended needle at rest, 
which is the position of freatest sensitive- 
ness. The sensitiveness of such an arrange- 
ment is very great. Suppose, (or example, 
there are five hundred revolutions in the 
coil, then the lower needle i» acted on one 




thousand times, and the upper one five hundred times by any fiven current ; or 
the original force of the current is multiplied fifteen hundred times Hut th* 


directing force of the earth's magnet ism on a 
given needle is proportional to the squares of the 
vibrations it makes t79-'»> Now. assuming that 
the needle* alo;,e made sixty vibrations it* a 
minute, and as astatic needles only ten, then 
we have .1600 : 100 as the number* representing 
the effect of terrestrial magnetism in the two 
cases ; or it is thirty-six times less in the astatic 
system than in the simple needles, and. consa- 
quently, the electric current will affect them 
thirty-six times more than if they were not asta- 
tic. The deflecting power of the current in 
question will, therefore, be increased by such a 
galvanometer, 1500 y 36 54,000 *tmes. 
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A We exf tnsive form of galvsnometer U seen In ftg. 669. 
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906. The tangents or sine compass galvanometer. — This 

instrument, invented by Pouillet, is designed to measure currents of 
greater intensity than can be measured by the common galvanometer. 
It depends on the established principle, that the intensity of a ir* 
rent is proportional to the sine of the angular deviation of the needle 
The angle of deviation being known, and MO 

•onsequently its sine, the intensity of the 
turrent is expressed in terms of the sine. 

Fig. MO shows the arrangement of this instru- 
ment, to which the current, entering by the conduc- 
tors, la, through the ivory piece, E, circulates a 
few times only, sometimes only once, over the ver- 
tical circle, M, placed in the magnetic meridian. 

The magnetic needle, tn, is deflected upon the hori- 
sontal circle, N, in proportion to the force of the 
current in M, and a silver index needle, »*, serves 
to record the angular deviation of m from its neu- 
tral point When the needlo is at rest, the vertical 
circle, M, is revolved upon the stundard, 0, by the 
button, A, until its plane coincides with the plane 
of deviation of m, and this angular distanco 
then rend off by the vernier, C, upon the lower 
graduated circle, H. This galvanometer, 
simpler modification of it, is the form of instrument generally used in electro- 
magnetic researches. 

907. Rhuoutat.— This simple contrivance of Wheatstone's serves to 
introduce a longer or shorter conducting wire into any circuit, the in- 
tensity of which it is proposed to measure by the galvanometer. 

Since the intensity of the current is inversely ns the length of the circuit (880), 
we may, by increasing or diminishing that 
length, produce from any current a deter- 
minate deviation (say 30°), on the galva- 
nometer. Fig. fifil shows this arrangement, 
oo m posed of two equal and parallel cylin- 
ders, one of wood, II, and the other of brass, 

A, supported in a frame-work and revolving 
on their eqptrcs. B is provided with a spi- 
ral groove, in which the turns of a copper 
conducting wire may he laid. One ond of 
this wire is at a, in connection with the cur- 
rant pole, o. The wire may all be wound 
on B, in which case the current passes 
through Its whole length, and escapes at » 
through the metallie connection of its end 
•» with A. If it is desired to shorten the 
eoadnetor, the handle, d, is put on the axis, c, and A is revolved from left to 
light, until, as in the eut, one -half, for example, of the conductor, is wound oo 
A. Bnt A, being a metallic conductor, the current passes to n by the shortest 
, and the only part of the wire in action is what remains weond on B 
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•fti Ibis quantity it ntd off by an lodes and graduation engraved on the tarihot 
mAs of tha cylinders Tbit apparatu* U iodiepenaable in exact otae 'ration*. 

908 . ▲mptit'a electro-magnetic discoveries anil theory. — Itn* 
mediately after the flnt announcement of (KreiedV discovery of the 
magnetic powers of a conjunctive wire, Antj^rc, one of the moat ro» 
nowned of the French physicist* (l>orn 17'>5— died 1830). commenced a 
eeries of experiments (September, 1820) to determine the laws yn\~ 
earned in these curious phenomena. Of three principal hyjHdhesi* 
which he framed to this end, he finally accepted and demonstrated the 
fc Mowing, via. : — 

A magnet is composed of independent elements or molecules, which 
set as if a closed electric circuit existed within each of them : m other 
words, each of these magnetic molecules mag he replaced by it conjunctive 
wire bent on itself in which a constant current of elect! icily is maintained, 
m from a Voltaic circuit. 

Thin hypothesis ho maintained hr singularly ingetitotin experiment*, mntiy of 
which wore tbo direct «uggcMi«»n of the hypothesis itself, and hr brought all, 
by his power of mathematic*) analysis, into exurt conformity with his theory. 
This theory recognises only such forces as arc common t<> tnci hnniiiil physics, 
and often called ** pumh «m/ /»»<//'* forces. These forces arc mutual, and belong 
to all electric currents. In permanent magnets, the minute circular and parallel 
currents, pertaining, by this theory, to each magnetic nndniMilc, all act ut right 
angles to the magnetic axis or line of force. 1 1 one**, as iu tKrstcd's experiment 
(903), the magnetic needle strives Jo place itself at right angles t«» the path of 
the current on the conjunctive wire, it follows, that currents in the inagnot seek 
a parallelism to that in the conjunctive wire. (Granting this to he true, it fol- 
lows, as a corollary front the premises, — 

lit. That ftco free rom/urtiny in’rr* mast attract or rrfo l rack other, according 
to the cfirwlion i/ iJkc currents in tAcm. 

2d. That a conjunctive trite may be. made in all rc»peets to simulate a magnet. 

900. Mutual action of electric currents. — Parallel currents attract 
each other when they flow in the same direction. Tima, in fig. 002, where 
the arrows and the signs 4 and — indicate the flow of the currents to* 
M2 Mi 



be i&ntical, there is attraction, while, in fig. 003, the same signs show 
the currents to be reversed, in conformity to the law that ■ Parallel 
currents repel each other when their directions are op f tonic. To illustrate 
these laws experimentally, one of the conductors should be fixed, 
and the other movable. The following simple apparatus also illus- 
trate* these laws, and several other points of interest presently to he 
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Do X»A Rive'* floating current fig- fifit » A little battery of amalga- 
mated zinc, *, and copper, c, or zinc and platinum, ret afloat by a diae of cork* 
a b, whose poles and — arc connected by a conjunctive 
wi rt f *t. When tbla little float is placed in a vessel of acidu- C< 
la tod water (water with onc-twentioth sulphuric aidi), an 
electric current flows in the direction of the arrow. Then «| 
join the poles. of a single cell of Grove’s or Since’* battery 
by a conjunctive wire of convenient length, and stretching 
the wire between the two hands, approach it parallel to $t; 

If the current is flowing in the same direction, the float will be attracted to the 
wire in the hands; if otherwise, repulsion is seen. If the two wires are not 
parallel to each other, then the movable current seeks to take up a position of 
parallelism, or one in which the two currents hare a similar direction. A little 
rectangular frame of wood 3 X ® in.. ma J be wound with ten or twelve turns of 
floe copper wire, covered by silk in the manner of a 6G5 

galvanometer, and its free ends connected with a bat- 
tery will give u stronger current. Ity simply turning 
the frame in the hand, the direction of the current is 
reversed. 

Roget’s oscillating spiral, fig 665, also illus- 
trates the law of aitra' tion of parallel conductors. Here 
the conductor is coiled into n spiral, which U suspended 
from the top of un upright metallic standard in con- 
nection with one pole of n battery, while the other end 
dips into mercury in the glass, in connection with the 
other pole, K. When the poles are joined, each turn of ' 
the spiral attracts the next turn, shortening the spiral, 
and hrottking the mercurial connection, with a spark. The weight of the spiral 
then restores the connection, and thus a continuous oscillating movement ia 
kept up. 



We mbl the following general propositions on this subject. 

1. Two currents following each other in the same direction, as also 
different parts of the same current, repel each other. 

2. Two fixed currents of equal intensity, flowing near and parallel 
to each other in opposite directions (as when the same wire returns on 
itself without contact), exert no influence on a fixed current running 
near them : in other words, they exactly neutralize each other* and 
their effect is null. 

The rotation of electric conductors about magnets, end the reverse; 
the rotation of a magnet on its own axis by an electric current, and the 
rotation of electrical conductors about each other, are all points fDicmt 
Curious and instructive to trace, did space permit. The student will 
find these principles very neatly illustrated by appropriate apparatus 
in Davis’s Manual of Magnetism. The researches of Henry, Page, and 
Other American physicists, have made very important additions to this 
department of physics. 

910. B*Ux. solenoid, or electro-dynamic spiral. — By winding 
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the conjunctive wire into a helix, as in fig. 066, and carrying the wire 
back again through the axis of this 606 

spiral, C B, the effecia of the current — -»> 

from A to B, will be neutroliied by 
its return from B to C, and there will 

remain only the effect duo to its apirul revolution about CB. Antpbr* 
called this form of the wire a xdemid. Tho effect of the helix thus 
wound, is reduced solely to the influence of a aeries of espial and 
parallel circular currents. By winding the ai Ik covered wire in the 
manner shown in fig. 667, the two ends of the coil am returned to the 
centre of gravity, and being pointed 667 

with steel, the whole system can he _ 

* C* 

conveniently suspended, as in fig. 6t»H, 

upon what is called ail Ampere’s J * 

frame, in which the arrows show the . _ r ,_ , 

course of the current from the battery Ryyn Qymnf nAAAAA/yffi^ 
to the helix or solenoid thus suspended. 

When the current is established, the axis of tho solenoid, A B, swings * 

info the magnetic meridian, while its several spires are in the plane of 

the magneto* equator. This position 668 

it assume* in obedience to the soli- ^ is ^ t 

citation of terrestrial magnetism; Jjv 

consequently it simulates in all re- 

specie the character i.f a magnetic ^ j 

needle, although possessing not a / 1 

particle of iron or steel in its struts- J 

ture. If a second helix, b, through 

which also a current passes, is now 

presented to the first, as in fig. 668, all the phenomena of attraction 
and repulsion will lie seen, the action of the two helices or solenoids 
being to each other exactly like those of two 666 


magnets. 

I>e I.n Kive’s floating current, already ex- 
plained in { Of 19, is also well adapted to illustrate 
the attractive and repulsive influence of a magnet 
on %free conjunctive wire, ns well also as its obe- 
dience to the solicitations of terrestrial magnet- 
iam. For this purpose the conjunctive wire is 
wound, as in fig. Off 9. into a helix. Left to itself. 



tbts apparatus will act just as the solenoid on tho frame, fig. 668, and 
will obey the impulses 'f a magnetic bar, or of another eolenokL 
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911. Directive action of the earth. — These effects are ex} reseed 
in the following law : — 

Terrestrial magnetism acts upon electric currents just as if the entire 
glebe was encircled with electric currents from E. to ft. in lines parallel 
to the magnetic equator. 

The direction in which these currents are supposed to more is the 
eame with the apparent motion of the sun, and the one in which the 
earth’s surface receives its advancing rays ; and since it is now known 
tha* electrical currents generated by heat exert precisely the same 
influence on the magnetic needle as Voltaic currents do, therefore it 
has been inferred that tbe thermal action of the sun is the generating 
and maintaining cause of the currents of terrestrial magnetism (801). 

912. Magnetising by the helix. — We have already (805) described 
a mode of producing magnets from an electrical current. The expla» 
nation of this, after all that has been said, is easy. As each volute of 
the helix, carrying an electric current, is itself an active magnet, it is 
easy to conceive that under the united influence of a great number of 
such circular and parallel currents, the coercitivc force of a steel ha|, 
or bar of soft iron, should bo decomposed, and active magnetism be 
thus induced, permanent or transient, according as steel or iron is the 
subject of experiment. Even a series of sparks from an excited elec- 
trical machine, passed through a helix, will magnetize a steel needle. 


670 


Tbe position of the poles In a bar so situated will depend on the right-handed 
or left-handed twist of the spire. If the current flows from -f- to — , and the 
wire, as in A);. 670, turns from 
loft to right (like the hands of 
a watch), then the uorlh pole 
of the magnet is toward the 
left ; but if the spire turns, as 
in flg 671, from right to left, 
or opposite to the bands of 
a watch, then the poles are 
reversed. The following sim- 
ple formula, by Faraday, will 
always enable the student to 
obtain definite notions of the polarity of the helix : — 44 Let a person/* observes 
Faraday, “ imagine that he is looking down upon the dipping needle, or north 
magnetic pole of the earth, and theu let him think upon the direction of tbo 
motion of tbo band of a watch, or of a screw moving direct; currents in that 
direction would create such a magnet as the dipping-needle/* 

If tbe helix ie wound on a tube of glass, paper, or wood, these substances 
efler no resistance to the passage of the power; but if a tube of copper or other 
me t al were employed, tbe magnetising power of the current on tbe enclosed bar 
would be destroyed 

If tbe same helix is wound in two opposite directions, at in fig. 672, then, accord- 
ing to tbe direction of tbe current, there will be a pair of north poles at tbe 
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{point of rorcroai in the ecLtr* (or • p*lr of south one*), *ml the two cuds will 
here the same name. A bar of steel placed in such a helix 
will remain permanently an anomalous magnet (770). Re- 
versing the position *f the bar in the helix, or reversing the 
position of the electrode* in the binding cups, will reverse 
its polarity. 

Arago'n original experiment.*- If a short conjunc- 
tive wire of copper, or any non- conducting metal, is strewn 
with iron filings, they will arrange themselves as seen in 
fig. <173, not bristling as in the magnetic phantom, with 
opposite polarities (777), but in close concentric ring* disposed over the whole 
length of the conductor. This fact was observed 073 

by Arago, in 1X24, and by others, before the 
application of the helix to the induction of 
magnetism in sod iron. 

When the helix is closely wound with mary 
turns of insulator! wire, and excited by a bat 
tery of considerable quantity, a cylinder of 
soft iron, as « b, in fig 074, will be drawn into 
it from the position seen in the figure, with great power, and, after sever* 
oscillations, will come to rest in the middle of its length. In 
opposition to gravity, realising ilic fable of Mahomet's coffin, 
suspended in tutd air without \ noble support This axial 
movement is availed of iu the electro- magnetic engine, 

913. Electro-magnet* . — Electro-magnets arc masses 
of soft iron wound with coils of cloudy parked utid insu- 
lated copper wire, varying in six© and length, according 
to the use to he made of them. Fig. f* 73 shows the 
usual form of those designed fin sustain great weights. 

The spools, A and B, are virtually continuations of one spool, the direc- 
tion of the whorl being apparently reversed by the bend of the horse- 
©hoe. If a lever of the third order (113) is used as a steelyard, the 
lumber of heavy weights is avoided in the use of those instruments, 
and the power of the apparatus is easily tested. 

Electro-magnet!* develop their surprising power only when t lit* arma- 
ture is in contact with the poles, a find due to induct ion ; without their 
armatures, they «U'tuin n »t a tenth part of their maximum load. They 
are capable of over-saturation by an ex com-* of battery power, and after 
that ha* been cut off, they retain a remarkable residual force so long 
Ail the keeper in in place, but ah soon as the armature is detached, the 
whole of this residual magnetism is lost. Their polarity i* instanta- 
neously reversed by reversing the j*de* of the buttery. Thin complete 
And immediate paralysis and reversal of jmwer, renders these maguets 
•f inestimable value in experimental researches. 

* 

Sturgeon, of England, in 1824, sppesrs to birebwo the first to product soft 
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Iron dieetro-magneU. Prof. Henry, end Dr. Ten Eyck, in 1830, produced the 
first electro-magnets of great power, by a new mode of winding the indncing 
©oil. (Am! Jour. Sci. [1] XIX. 400.) 

Prof. Henry, on a soft iron bar of fifty-nine lbs. weight^ed twenty-six coils 
•f wire, thirteen on each leg, all 
joined to a common conductor by 
their opposite ends, and haring 
m aggregate length of sercn bun- 
dled and twenty-eight feet. This 
appsratus, with a battery of four 
and seven-ninths feet of surface, 
sustained two thousand and sixty- 
three pounds avoirdupois : with a 
little larger battery surface it sus- 
tained twenty-five hundred lbs. 

This electro magnet was con- 
structed for Yale College Labora- 
tory, in 1831, and Ss still among 
their instruments. 

Mr. J. P. Joulq (Annuls of 
Electricity, V. 187), in 1840, 
constructed soft iron electro- 
magnets of peculiar form, be- 
ing in fact tubes with very 
‘hick walls cut nwny on one 
lido lengthwise, and wound in 
the directi in of the length ; 
one of which, weighing 15 lbs., 

Held 2090 lbs., equal to nearly 
140 times its own weight. It 
was wound with 4 covered cop- 
per wires, ^ inch diameter, and each 23 feet long only, the length of the 
■soft iron being 8 inches, and its outer diameter three inches. Another 
magnet weighing 1057 grains supported twelve pounds, or 1280 times 
its own weight ; and a very minute one, which weighed only 03 3 grains, 
carried on one oecuaion 1417 grainy, or 2834 times its own weight. Tha 
last is more than eleven times the proportionate load of the colebrat 1 
magnet of Sir Isaac Newton. { 806. 

914. Page's revolving electro- magnet, fig. 876. affords satisfactory 
evidence of the great rapidity with which a mass «f soft iron may receive nod 
part with magnetism, haring its polarity reversed also hr a change of position, 
la Ibis Instrument, a permanent U- magnet has a vertical spindle in its axis, on 
Ike upper end of which is placed a mass of soft iron, destined to receive induce I 
magnetism through the covered wire with which it is wound, and whose ends are 
fUprnaeoted by the two s'rew cups, one on each side. By a simple contrivance 
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«dled m taterrapter, or break-piece (formed by wring a silrer (limit e* lb* 
till Into two part* by rtrtictl iliti), the continuity 
of the cuTeat is interrupted twice in ©very revolu- 
tion, when the positioa of the armature it an teen 
in the figure. The effect of thit arrangement it to 
paralyse the magnetic force at the right instant to 
permit the momentum of the matt to cany the 
armature by the poles of the fixed magnet, when 
the battery connection is again completed, new 
magnetism induced, and the motion 'continued as 
before. Such n little magnetic engine may icvolvc 
Tith a velocity of 2000 times a minute. e<)ual tc 
• 000 reversals of polarity, --each reversal being 
accompanied by a pass ice interval, when the soft 
iron is no magncL 

915. Power of electro-magneta.— The 
power of electro-magnet* depends, 1st, on t he 
intensity of the current; 1M, on the number 
of whorls in the helix ; 3d, on the kind and 
shape of the iron her; 4th, on the form and sixe of the keeper or arma- 
ture. These jmint* have been studied by Lens nod Jacobi, ttnd many 
other*, of whom the results of l>ub are the most recent. Ihib distin- 
guishes between magnetism, attraction, and MiMnining power, in elect rte 
magnet*), confining the term magnetism to the magnetic excitation due 
to the Voltaic current. Lcnx and Jacobi measured thi* bv means of the 
induced current excited by the vanishing of the magnetism to which it 
is proportional. When a second har of soft iron is caused to approach 
the first, this also becomes magnetic (by induction), nod by it- fold mag- 
rtciism, n* times the attraction is produced ; until actual contact hap* 
pens, when this ratio is no longer maintained. 

Dub gives the following summary of his results: — 

1. The attraction of U-shaped electro magnets, with au equal number 
of winding*, i* proportional to the squares of the magnetizing current 
force. 

2. The attraction of IJ magnets is, with equal currents, proportional 
to the square of the number of windings of the magnetizing spirals. 

3. The attraction of U magnets is projiortiumil to the square of the 
current force multiplied by tlic square of the number of winding*. 
(This is true alike for attraction and sustaining force, both in 4/aight 
and in U magnet*.] 

4. The magnetism of massive cylinders of iron of cqut length, 
magnetised by Voltaic currents of equal force, and by spir Jn of an 
aqoal number of windings, closely surrounding the core, is accurately 
proportional to the *quare root* of the diameters of these cylinders. 

6. For the particular ca*i in which the surface of contact doee not 
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disturb Che r.fsult, the attraction and sustaining force are, with equal 
magnetising forces, proportional to the diameters of the bar or IT* 
magnets. 

6. The attraction of bar and U-shaped electro-magnets with equal 
magnetising forces, increases the nearer the whole of the windings are 
to the poles. 

7. The attraction, like the sustaining force of U electromagnets— 
other things being equal — remains the same, whatever be the distance 
of the branches of the magnet. 

8. The length of the branches of a U-shaped electromagnet bos no 
influence on its attractive or sustaining force, if the windings of the 
spiral surround its whole length. 

In addition to these laws, the author has found that the attraction 
which a helix or spiral exerts upon a soft iron bar placed in its axis, 
follows the same (gw as an electro-uiagnet; hence it follows, that: — 

9. The attraction of a spiral is proportional to the square of the mag- 
netizing current* multiplied by the square of the uumber of windings.* 

The sustaining power of an electro- magnet increases with the mass 
of the armature up to a certain point, not exceeding the mass of the 
electro-magnet itself ; and, moreover, Liais has shown that an arm a 
ture whose face of contact is nuE over one-third the breadth of the 
poles to which it is applied, gives a maximum effect. 

Kor some curious results w ith circular and trifurcate electro-magnets, 
and the applications of this force to “ break up” railway trains, con- 
sult the papers of Prof. Nick 16s (Am. Jour. Sci. (*2J, XV., 104 and 380 ; 
and XVI., 110 and 337). 

9lf». Vibrations and moaical tones from induced magnetism. — 

Dr. Page, iu IS37, noticed the production of a uiu»ie*U sound from a magnet, 
between the poles of which a flat spiral was placed. The sound was heard 
whenever contact was made or broken between the coil and the battery. Two 
notes were distinguished, one the proper musical tone of the magnet, and tba 
other an octave higher. lie la Hive, Delctenue, and others, have confirmed 
and extended these curious observations. The existence of molecular disturb- 
ance In receiving and parting with magnetic induction, has been farther illus- 
tr#*od by the same ingenious observer, by the vibratious imparted to Trevellyan*S 
bars by the current from two or throe cells of drove’s battery. (Am. Jour. Sci. 
[2], IX., 105/ Trevellyan’s bars are prismatic bars of brass, hollow on one 
tide, so as to rest by sharp edges on blocks of lead. When these are gently 
wanned, and then laid upon the leaden blocks, the unequal expansion and con- 
traction of the two metals gives the brass bars a slight motion of vibration, 
doe to molecular disturbance by heau A Voltaic current, according to Dr. 
Page's observation, produces the same effect as heat, but more remarkably. 

917. Electromagnetic motions and mechanical power.— The 


• Am. Jo or. Sci [2], XVIL, 424. 
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facility with which mwmzs of soft iron way be endued with enormous 
magnetic power by currents of Voltaic electricity, and again discharged 
or reversed, in polarity, hoe led to numberless contrivances to use this 
power as a mechanical agent. A great variety of pleasing and instruc 
live models of such machines, with the use both of permanent magnet* 
and of elec tro-rn ague tic armatures, or of elect ro-nmgnets only, are 
described in Davis's Munuul of Magnetism. The revolving armature, 
a*- 070, is one of these. 

We annex a figure of an electro magnetic engine, similar to one by 
which Dr. Page obtained a useful effect of ton horse-power, in driving 
machinery, aud transporting a railway train. A and 11, fig. 077, are 
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two very powerful helices of insulated copper wire, within which are 
two heavy cylinders of soft iron, C I>, counterbalanced on the ends of 
a Warn. (» F 1, like the working beam of a steam-engine, lly the move- 
ment of an eccentric, L, on the main shaft of the lly- wheel, the poles 
are changed, at the moment, to magnet i/.e and de magnet i/.c. alter- 
nately, the two helices, drawing into them the two soft iron cylinders, 
by a force of many hundred pounds. Prof. W. It. .Johnson tested the 
force of an engine of this kind built by Dr, Page, in 18 f»(‘ and found 
it to give alsmt six and u half horse-flower. (Am. Jour. Sci. [2], X., 
472.) 

AL Jacobi, of St. IVtersbnrgh, ha* studied this subject very ?*r*fully, and 
has contrived an effective form of rotatit g machine, very similar to that of 
Cook and Davenport, so well known in the United Stales in 1K17. Froinent, 
of Paris, has also constructed a powerful apparatus of this sort, in which a r ma- 
lum of soft iron ou the periphery of a wheel are drawn towards electro*! 

In all these machines, it is beat developed by chemical action that is trans- 
formed, in the form of magnetic attraction, into mechanical work {76!/. As 
Ike result of a great many experiment*, Mr. Joule has shown tlmt the best tbeo- 
result from the heat, equivalent to the solution of a grata of sloe Is • 
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battery, la eighty lb*, raised one foot high. Bat a grain of coal burned in a 
Cornish boiler, raises one hundred and forty- three lbs. one foot, ana the price of 
the eoal is to that of the tine as 9d. per cwt. to 2151. per cwt. Therefore, under 
the best conditions (which are never reached in practice), the magnetic force ia 
26 times dearer than that of steam. Until, therefore, zinc is rheaiwr than coal, 
in the proportion of SO to 143, coal will probably be burned in atmospheric air, 
preferably to the combustion of sine in sulphuric acid, to produce mechanical 
work. 

018. Conversion of magnetism into heat. — Foucault has shown that 
tbs magnetism induced in a disc of copper revolving between the poles of an else* 
tro-magnet, is converted into heat. gyg 

For this purpose, a powerful olec- 
tro-magnet is supported upon a 
basement, fig. 678 ; two pieces of 
soft Iron are attached to the pedes 
of the magnet, so that they con- 
centrate, upon the two faces of a 
metallic disc, their magnetism of 
induction. This disc of copper 
receives, hy means of pulleys, a 
rapid revolution, which will con- 
tinue fur a long time, if n» enr 
rent exists in the electro-magnet : 
hut if a current from a buttery 
of two or three cells is passed 
through the wire, the disc is 
almost immediately stopped ; if, however, against this resistance the disc is forced 
to revolve, the expense of force is converted into heat, and the temperature of 
the disc is rapidly raised. 

II. lHAMACNKTlSM. 

919. Action of magnetism on light. — Fig. 679 allows tlae app* 




RM9CTRICITT. 


615 


cotatory polarisation of light Already spoken of under Option (560). 
Two powerful inducing coils, N and M, surnnnd two hollow cylinders 
yf soft iron, S and Q. The current enters the bobbins by A, and fol- 
lowing the direction of the arrows, returns by B. The two coils slide 
in the groove in the base, K, on the two supports, 00, ao that they 
may be approached or withdrawn At pleasure by turning the screws, 
mm. A commutator, or interrupter of the current, is arranged at II a. 
At a and b are two Nicol’s prisms (553), of which n has a vernier or 
index, reading the degrees on the graduated circle, I\ To make the 
experiment, a piece of heavy glass, or silicinus-borato of lead, e, ia 
placed on a support between the poles 8 and Q. A ray of light from 
the oandlc, polarised hy the prism, b, is transmitted through the glass 
in the axis o^he poles. When the current is applied, the ray of light 
appears to be revolved, similarly to the effect produced on polarised light 
by quarts, or oil of turpentine (556). A great number of oilier solids and 
liquids are found to act in a like manner, but to a less degree, than in 
the case of “ heavy glass." As no rotation of the ray takes place unless 
there is some medium on which the magnet i*m may net, it has been 
argued with some force by Becquerel and others, that the action is 
wholly due to a molecular change in the sMid under experiment. A 
reversal, however, of the direction in which the ray frauds, reverses 
the direction of rotation in the polarized ray. a circumstance not found 
in bodies in the natural state. This apparatus also serves to illustrate 
the phenomena of diamagnetism. 

920. Diamagnetism. — We have already (7W) alluded to the action 
of magnetism upon all bodies, discovered by I>r. Faraday, in JHIO, n 
discovery which alono would place its author in the highest rank of 
modern philosophers. By the use of the apparatus, fig. OHO, he proved 
that every substance which he tried, solid, 680 

fluid, or gaseous, was sub- 
ject to magnetic influence, 
assuming either the equa- 
torial or CLxial position, 
according to its nature. 

For solids, sad sons flu* 

Ids, flf. 6M1 shows the ar- 
rangement. Two bluntly 
rounded polar pieces of soft 
Iron are fitted into the open- 
ings of the spools, 8 and Q, while between them are suspended on a silk fibre 
s, or short bars of tho various magnetic metals, bismuth, antimony, cop- 
', tin, Me. If the cube is spinning about when the current passes, ths 
arrests iu motet) in whatever position it may be; and k 
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the metal hat the form of a little bar, it rest* athwart the axis like a crow. If 
Don-magnetic liquids, alcohol, water, and most saline solutions, are confined in 
little narrow bottles (like bommopathic rials), hung like »», fig. 681, these a.'t 
similarly affected. If they are filled, however, with magnetic solutions, the salts 
>f iron, nickel, or cobalt *bey then arr&ngo themselves axially. 

PlUcker has shown that if these magnetic solutions arc placed in wateh- 
glasses upon the poles, S Q, as in fig. 680 , according as the poles are nearer or 
farther asunier, these liquids are heaped up in one or two elevations, as in A 
and B. 

The flame of a candle placed between the poles, 6 Q, fig. 682, is strongly it* 
polled, a fact first observed by Father Bancalari, of Genoa, ggg 

and the flames of combustible gas from various sources 
are differently affected, both by the nature of the com- 
bustible and by the nearness of the poles. The flame 
from turpentine is most curiously affected, being thrown 
into the form of a parabola, whose two arms stretch upward 
a great distance, and are eacli crowned by a spiral of 
smoko. Oxygen, which, in the air, is powerfully magnetic 
(790), becomes, when heated, diamagnetic. A coil of pla- 
tinum wire, heated by a current of Voltaic electricity, and 
placed beneath the poles of Faraday's apparatus, occasions a powerful up- 
ward current of air, but, when magnetism is induced, the ascending current 
divides, and a descending current flows down between the upward currents. 
The following list expresses the order of some of the most common paramag- 
netic substances, viz. : iron, nickel, cobalt, manganese, palladium, crown-glass, 
platinum, osmium. The zero is vacuum. The diamagnetic* are arranged in the 
Inverse order, commencing with the most neutral : arsenic, ether, alcohol, gold, 
water, mercury, flint-glass, tin, *• heavy glass," antimony, phosphorus, bismuth. 

PlUcker has further demonstrated the important fact, that the optic axis of 
Iceland spar is repelled by the magnet — a fact probably true of many crystals— 
iu some of which the magnetic axis is parallel to the longer axis of crystallisa- 
tion. ^ Thus, a piece of kyanite wilt, under the influence even of the earth’s 
magnetism, arrange itself like a magnetic needle. 

III. ELECTRIC TEI.EGRAl'11. 

m 

921. Historical. — The thought of making telegraphic comraunica* 
twins by electricity appears to have suggested itself as soon as it vu 
known that an electrical current passed over a conducting wire with- 
out sensible low of time. The following brief summary of well known 
historical facts, will serve at once to show how impossible it is justlj to 
bestow the exclusive merit of the electric telegraph upon any inventor, 
while at the same time it strikingly illustrates what is true of every 
important invention, that final success rescues from oblivion many 
schemes that had hardly vitality enough in their day to find a place 
in the records of history. 

In 1747, Dr. J. Wats os erected a telegraph from the rooms of tbo Royal 
Society, in London, for two miles or more, over the chimney tops, using too- 
tionsl electricity on a tingle wire, with the earth for a return circuit la 1746 , 
Dr* PaanKLiN set fire to spirits of wine by a current of oleetrieity seat i 
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to Schuylkill on n wire, and returning by the river and the earth. In 1774, 
Lt Saqb, a Frenchman, established at Genera an electric telegraph, in which 
bo nsod twenty-four wires insulated in glass tubes buried :n the earth, each 
wire eomtnnnicating with an electroscope, and corresponding to a letter of the 
alphabet, and excited by an electrical machine. (Mogxio Ttuitf, ML) In K87, 
Bbtaxcoirt, in Spain, made an effort to employ electricity for telegraphing by 
passing signals from a Leyden via! over wires connecting Madrid with Artui- 
jnet, a distance of twenty-six miles Balya, in 17M, also presented to the 
Acndemy of Madrid, a plan of an electric telegraph of his own invention, which 
receired the patronage of the Prince of Peace In INK), the public announce- 
ment of Volta’s discovery of the pile supplied n new means for telegraphing, 
far more certain than frictional electricity, and accordingly wc find, that in 
1811, Prof. Bor.mmuso. of Munieh. proposed to the Academy in that city a 
complete plan, with details, tor an rlrrimchrmit'al tvlcgruph, in winch he used 
thirty-five wires (twenty-five for the German alphabet, and ten for the numerals), 
tipped with gold and covered by the same number of glass tubes filled with water, 
to be decomposed whenever the corresponding letter or numeral was touched by 
the battery wire on a key board at the other end. This is the type of all electro- 
chemical telegraphs. J>r J. Ki.dmix Coxr, of Philadelphia, in I Mil. in Thomp- 
son’s Annals of Philosophy, apparently without knowledge of Soemmering's plan, 
proposes a similar one l»y the use of Voltaic electricity. In 1S|1» 1*0, ♦Knsrt n's 
discovery of electro magnetism, and Auenur/s development of the Mibject. opened 
the way to electro-magnetic telegraphy. (Fritted first, and then Ampere, proposed 
the plan of a telegraph, using the deflections of a magnetic needle for signals ; I ho 
type of Wheatstone’s needle telegraph ; hut their suggestions were never put in 
practice. In 1823, I>r F. Roxamih. of England, published a volume detailing 
the plan upon whieh he had previously constructed eight miles of elertiie tele- 
graph, and in which he used a movable disc, carrying the letters, the U pe of all 
dial telegraphs. In 1823, Wim.mm Sttrukon, of Woolwich, England, made the 
first electro- magnet of soft iron, without which, further progress in the electro- 
magnetic telegraph was impossible. Prof. ,1 osr.ru llrxnv, in 1 SliU, described u 
mode of giving greater power to electro magnets, and the same philosopher, in 
1831, devised the first reciprocating electro magnet and vibrating armature, 
including also the principle of the relay magnet, s<» indispensable nu auxiliary in 
*tbe Morse system (Am. Jour. Bci [1] XX. 34ft ) In 1*34, Messrs. Win urn 
and GAtrgft established an electro-magnetic trdegraph at Gottingen, between the 
Observatory and the Physical Cabinet of the University, and used it for all ** 
purposes of scientific communication. 

In 1838, Prof. ,1. F. lUxiri,!. invented the constant lmttcry (874), without 
wbicn any mode of electric telegraph would have Wen futile. 

In 1837 —a year ever memorable in telegraphic history for the first general and 
•necessful introduction of the electro magnetic telegraph-- and almost at the same 
lime appeared Morsk, in the U. 8 ; BTr.mmi., at Munich; and Wiiratntowk 
and Cooks, in England ; as distinct and independent claimants for the honor of 
this discovery. Prof J. D. Forbes, the able historian of the Physical Sciences, 
fak the eighth edition of the Encyclopedia Itrit America, speaking of these 
inventions, says: “the telegrajh of the two last (Btcinbeil and Whentatone) 
vaeemblee in principle (Ersted’s and Gauss's : that of the first (Mohsk) is entirely 
•riginnt, and consists in making a ribbon of paper move by clock-work, whilst 
fatenvpted marks are impressed upon it by a pen," Ac. • • ** TUe telegraphs 
vf Morse have the ineetimable a»* : an tag e, that they preeerve a permanent record 
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of the despatches which they convey/' This advantage, it is but just U **% 
they share with Bain's electro- chemical telegraph. 

922. The earth circuit.-— Although Drs. Watson and Franklit 
(1747-8) used the earth as the return circuit in their telegraphic experi- 
ments, it was considered esscntiul in the use of Voltaic electricity to em- 
ploy at least two wires, until Stcinheil, in 1837, in the construction of bis 
telegraph at Munich, dispensed with the whole resistance of the return 
wire by burying a large plate of copper at each station, with which the 
eircuit wire communicated. This certainly must be esteemed one of the 
most important discoveries in connection with the telegraph ; but from 
some cause or other it obtained for some years but little publicity, 
although described at length in the Com pie*- Rendu* , of Sept. 10, 1838. 
Bain re-discovered the same fact some years later, and Matteucci, of 
Pisa, in 1843, made experiments which convinced the most incredulous 
of the truth of this important fact. 

Fig. 693 illustrate* the mode of using the earth rircuit, now universal in all 
telegraph*. S aud S' art* two distant stations, with their batteries, 6 6', and mag- 
nets m «\ A wire passing over insulating posts, through the air, oonneoU S and 
B \ One polo of each battery is connected with the earth through the magnets, 
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and lag in plates of copper, F P'. Neither battery will, however, act, unless one 
of the breaks, or finger-keys, 8 or S', is depressed. If the finger-key, 8, is 
depressed, the circuit consequently is completed through th * earth , for the bat- 
tery, 6, while that of b ' remains open. The arrows show the course of the 
current, and this will be reversed when the circuit at S is closed. The explana- 
tion of this curious fact appear* to be, uot that the electricity is conducted bars 
by the earth to its origin at the battery, but that the molecular disturbance io 
which the polarity of the circuit consists, is effectually relieved by communica- 
tion with the common reservoir of neutral electricity (816), and so conduction 
prooeeds without interruption. Any u umber of parallel currents may thus co- 
axial without Interference. This simple device savee not only half the ex p ense 


constructing lines, bui it nore than doubles their power of electrical :rani 
mission. For the rapidity of the current, refer to { 818. 

923. Varieties of electro-telegraphic communication.— Thus 
ire essentially but two modes of electro-telegraphic communication, 
vis. : the electro mechanical aud the electro-chemical. Various and seem- 
ingly unlike as are the numerous ingenious contrivances for this purpose, 
they all fall under one of these two divisions. 

The electro-mechanical form of telegraphic apparatus, embraces 
the needle telegraph, the dial telegraphs, aud the electro-magnetic \ or 
recording telegraphs: both those which, like Morse's, use a cipher, and 
those, like House's, which print in legible characters. 

The electro-chemical telegraph! (having their type in Soemmer- 
ing's original contrivance) depend on the produ^tu n of a visiblo and 
permanent effect, as the result of some chemical decomposition at the 
remote station ; of these, Bain's is the best known. 

This is not the place, had we time, to give all the details of tho well- 
known machines in use for telegraphic purposes. A few words, stating 
the principles on which they all depend, with a notice of two or three 
of those most used in the United States, must suffice. 

As the needle telegraph of Messrs. Wheatstone and Cooke (depend- 
ing on the detection of a needle by a galvanometer coil) has never been 
used in this country, and cannot compete with either of the systems 
adopted here, it is needless to describe it. It requires one operator to 
read tho movement* of the needle, and another to record the message, 
and its average capacity is not over ten or twelve words per minute. 
The dial telegraph of Froniont, and others, is open to the same objec- 
tions. 

924. Morse's recording telegraph — Every electro-telegraphic aj>- 
psratus implies the use of at least two instruments, one for recording, 
and one for transmitting the message. Besides these, in most cases 
there is need of a relay magnet , which receives the circuit curftmt and 
acts to bring into use the power of a local battery, by which the work 
of recording is performed. This is requisite liecause the circuit current 
is usually too feeble to do more than establish a communication with 
the local battery. Every recording instrument has a clock-work, or 
•ome similar mechanical movement, to carry forward the paper fillet on 
which the record is impressed, at a regular rate of motion. Fig. 684 
shows the Morse recording instrument. 

It consists, essentially, of a simple lever, A, with a soft iron armature, I> 
over the electro- magnets, E F, by which the electrical impulses are propagate.* 
to tho pen or stylus, o. A weight, P, gives motion to a train of wheels, K C, by 
Whkh tho Allot of pafor, pp, * carried over the rollers, 0 II, In the direction ot 
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Hie Arrows. A feeble spring, r, withdraws the point, o, and armature, D, when 
jm electricity ceases, and the motion of the pen-lerer is farther adjusted by twe 

184 



:efc«1ating screws, m m, that can be sot At plensuro. Tbo battery current enters 
the apparatus at the binding screws, n ft 

The message is recorded by a cipher of dots and dashes, made on the moving 
Allot by the point of the pen -lever The lever moves in obedience to the impulses 
of the operator at the transmitting station, who presses the •• finyrr kry,” for a 
longer or shorter instant, according to what he would transmit Every motion 
of the pen-lever gives a sound, corresponding to tin» letter communicated; and 
to a practiced operator, this sound becomes a definite language, which his ear 
interprets with unfailing certainty, 
so that he literally hears the mes- 
sage and translates it without the 
necessity of looking at the record. 

Pig- AS.) shows the upruty finyrr-kry, 
by which messages are transmitted. 

The Morse instrument has the ad- 
vantage of great mechanical simpli- 
city, so that it re t j uft»' s but little 
skill to manage it, and its record 
being permanent and sufficiently 
rafid for all ordinary purposes, it 
bit come into more general use in 
(be Hulled States than any other, and over the continent of Europe has also been 
very generally adopted. Mr Morse conceived this plan of telegraphic trans> 
mission in 18.13, but it was only in 181? be applied for his first patent, and in 
1844 the first line was built in the Vuited States, from Washington to Baltimore* 

925. House's elnctro-prlnting telegraph. — This moat ingenious 
instrument record* its message in plain printed characters. And, a* a 
mechanism, must be regarded as one of the most wonderful reeulto of 
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nwentive genius. A drawing of its chief parts, some of the Jetalls 
being omitted, is seen in fig. 086. 

Its chief parts are a key -board, marked with the letters of the 
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type-wheel, o, on which the letter* of the alphabet are engraved ; a helical coll 
of fine wire in the cylinder. A, in connection with the circuit, and which oper- 
ate* to open a valve for the emi»*ion of a bleat of air, compressed by A pump 
under the table into a reservoir, It. The purport* of this blast i* to work the 
escapement regulating the motion* of the type-wheel, o. This i* the only 
function of the electricity in the recording machine; every other motion is a 
mechan iraf one The electricity, by npctiing and closing the air valve, regulator 
the motion of the type- wheel, arresting it at the pleasure of the operator at tho 
distant station, who, by touching on his key hoard the letter lie would trans- 
mit, arrests the type- wheel of the recording instrument at that letter; a simpla 
mechanism then presses the fillet of paper on the face of the type, and movos 
It forward to receive the next impression. Its actions are quicker than 
thought-, and, owing to the exact duality of the two machines in evrry part, and 
tho perfect equality of their motion, the operator transmitting is as conscious as 
him receiving, if there is any error, aided as he is hy a tell-tale above the type- 
wheel, showing, in our design, the letter A It is impossible, without malty 
pages of detail, and minute drawings of the parts, to render this marvel of 
mechanical art perfectly intelligible Jtut the general thought of the inventor 
ta clear enough, to place the recording apparatus at the control of the trans- 
mitting operator, through the agency of compressed air. cont rolled hy the idee trie 
rurrent, and controlling, :n its turn, the escapements of the recording apparatus, 
ft prints about one hundred letters per minute, on a circuit of one hundred fihd 
fifty miles. 

926. The electro-chemical telegraph depends on i 
lion, hy the electrical current, of a salt of iron with which the pa pet 
fillet is saturated, and the production of a blue or red atain upon it 
The same clock-work movement used hy Morse, carries forward tha 
paper over a metallic cylinder, which is one pole of the yircuit, while 
66 ' 


022 


PH rtf ICS Ol iMPONftfCRABLE AGENT* 


ft steel pen (if & bine mark is intended, or copper, if red is intended * 
In connection with the other pole, bears steadily upon the paper ; the 
least transit of electric force decomposes the prussiate of potassa with 
which the paper is charged, producing a stain. To insure the damp- 
ness in the fillet requisite for electrical conduction, Maison-Neuve has 
proposed to charge it with a solution of nitrate of ammonia, a salt 
whose attraction for moisture is such that the paper remains always 
damp. To avoid errors, as well as to insure greater rapidity, Bain, 
who was the author of this system, proposed to prepare the message^ 
on fillets of paper, punched with holes by a machine called s eompotitot 
or multiplier. Hu mas ton has lately so improved the mechanism of this 
compositor, that it is possible, by combining this apparatus with the 
Bain system of reading, to transmit not less than three thousand signals 
per minute, equal to si* hundred letters, or one hundred and twenty- 
five words of five letters each. The punched fillets take the place of 
the finger-key ns a circuit breaker for the transmission of the message. 

Autograph telegraphic meaaagea can be transmitted by the elec- 
tro-chemical method, by writing upon the transmitting cylinder, yritli 
solution of hardened wax, and then causing a tracing point to traverse 
the cylinder with a close spiral from end to end. The result is, the 
interruption of the current where the wnx is, and a corresponding 
blank space left on tho paper at the receiving station. The union of 
these white spaces gives what was written in wax, as a white character 
on a dark ground. 

927. Submarine telegraphs — the Atlantic cable. — The first sub- 
marine telegraphic cable was successfully sunk in August, 1851, con- 
necting Dover, in England, with France, at Cape (iris Nex. Since that 
time, numerous other submarine cables have been laid, of which that 
through the Black Sea was the longest, until the placing of the Atlantic 
cable was accomplished, on the 5th of August, 1858. The failure of 
this great enterpriseis now believed to l>c attributable to injuries received 
by the cable before submergence. Its failure was gradual, — over 400 
messages being transmitted before it became totally inactive. 

Fig. 687 shows tho size and mode of construction of this cable. Tbs 1 
ducting wire Is formed of seven strand# of No. gg7 

33*eopper, twisted into s cord, and buried in 
tofined gutta pcrcha, laid on by machinery in 
three coatings, over whirl, arc placed several 
strands of tarred cord. The whole is encased 
in seventeen strands of iron wire, each strand 
formed of seven No. 30 iron wires It weighs 
about two thousand lbs, to the nautical mile, and about two thousand miles of 
4 lie submerged between Valcntia Hay, Ireland, and Trinity Bay, Newfound 
land. The shore end is formed of ten miles of much stronger cable, enclosing. 
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Tht problem of scientific as well ns practical interest in loug cables, •« tba 
possibility of transmitting signals through them with sufficient rapidity fbr 
usefttl purposos. Far* Jar has shown (Kpt. He* to!. Sd. p. 607- 623 am! 6?6p 
that a gutta-percha covered wire is, when submerged in water, in very different 
oioctricai conditions from what it is in air. In the water it Emulates the charac- 
ter pf the electrical condenser, or Lev Jen rial, and when thus charged by induc- 
tion, must be discharged before a second wave ran be transmitted through it ; 
and when the electric pulses are frequent, as in telegraphic communications, the 
effect of the cUrtric omjiict, as (Kreted originally termed it, is to produce a 
tremor in. place of sharp and decided beats. Those who would know the histnt) 
♦f the telegraph wore in detail, will consult Seim (Tiler's Telegraphic Manual, 
and Prescott's History and Practice of the Electric Telegraph, lloston, lHflO. 

92$. Electrical clocks and astronomical records. —If a dock 
pendulum is, by any mechanical device, made to open and done tho 
circuit in a telegraphic arrangement, it is obvious, that if the clock 
beats seconds, these will appear recorded ns dots at djiml intervals 
upon the paper fillet. An astronomer, watching the transit of a star 
across the wires of his telescope, w ith his hand upon the finger-key of 
the same circuit, closes it at the exact it slant of time, and the record 
of the passage of the star is fixed with unerring certainty hot ween the 
beats of the clock and upon the same fillet which hears record of the 
time in seconds and their subdivisions. This beautiful system is wholly 
and peculiarly American, ns the clear records of science show, and 
offers incomparably the best possible mode of determining longitude 
differences. The names of liuche. Bond. Gould, Locke, Mitchel, Sax- 
ton, Walker, Wilkes, and others, are inseparably connected with the 
history of this important application of the telegraph, for the details 
of which the studAnt is referred to the American Journal of Science, 
the proceedings of the American Association for the advancement of 
Science, ami the reports of the United States Coast Survey. 

Bain, it is believed, constructed the first electrical clock tin 1M2), which was 
moved by a current from a large copper and nine piste buried in tin* earth, or, 
bolter, to a sine piste buried in charcoal. By arty simple mcchaniesl arrange- 
ment, the motion of the pendulum reverses or breaks the current at every heat, 
and by the aid of a stationary magnet, the vibratory movement due to the eke- 
trie current is strengthened and perpetuated. It is possible to transmit 0»a 
same electric current to any niimluT of clocks, in the same place, or in different 
places, eud thus secure exact equality of time. * 

-Boston, Philadelphia, and some other cities era provided 
with a telegraphic system due to Hr. ('banning and Mr. Farmer, by which • 
ire-alarm Is sounded simnltaoeoudy in every district: a detailed description of 
wbteh will ha found in Am, Jour. Sci [2], XIII , 68. 

{5. Electro- dynamic Induction. 

I. 1KDCCKU ClKRE.srS. 

929. Currents induced from other currents. — Voita-eleotrie 
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Induction. — The phenomena of electro-magnetism seem to point, ae 
an almost necessary consequence, to the discovery made by Faraday, ia 
1831-2, of induced currents, as well as of m agncto-dectricity. Faraday 
argued thus : — 

1st. That as a wire carrying a current acts like a magnet , therefore ti 
cught, by induction , to excite a current in another wire near it, 

2d. That , as magnetism is induced by electric currents , so magnets 
might also , under proper conditions , to excite electric currents. 

The first of these theses Faraday sustained thus: Let a double helix. 
Or bobbin, be wound of two parallel silk-covered wires, about a cylin* 
der of wood (which being withdrawn afterwards, leaves the helix hol- 
low), in close contact, but perfectly insulated, so that the two wires 
run side by side through their whole course. Let the ends, a 6, fig. 688, 
of one wire bo connected with a $88 

galvanometer, or mugncthr.ing spi- 
ral, while a battery current enters 
the other wire by c, and passes 
out by d. When contact is made 
between c and the battery, the 
galvanometer needle is deflected 
by a current moving in the same 
direction with the battery or pri- 
mary current. This deflection, however, is only for a brief instant. 
After a few vibrations, the needle comes to rest, although the battery 
current still flows. Break now the contact between the wire, c, and 
the battery, and the galvanometer needle is again deflected by a second- 
ary or induced current ; but this lime it moves in the ofgxtsite direction 
to the first. These are called secondary or induced current*. They are 
momentary , hut are renewed with every interruption of the battery 
circuit, and their strength is alw ays proportional to the st* ength of the 
primary or inducing current. If a mass of soft iron (or, better, a 
bundle of soft iron wires) is placed in the core of the helix, the force 
of the induced currents is greatly increased. This action of a current 
from a Voltaic battery, Faraday called Volta-electric induction . 

The phenomena of influence (828) in electricity present a strong 
analogy to these facts, and support the probability that the secondary 
currents in the esse of Voltaic induction, are also due to decomposi- 
tion of the natural electricity of the seoond wire, by the current on 
the first In fact, a current of statical electricity may be subetituted 
to the Voltaic current with similar results, as was shown by Henry t 
fat 1838 (Trans. Am Phil, boo., vol. 6, N. S., and Am. Jour. Ses. [1], 
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XXXVIII., 209). Fig. 089 is a convenient form of apparatus designed 
bj Matfceuoci, for this experiment. Two coils of insulated wire, AB 
ere sustained on movable feet, ad- 
mitting of near approach. When 
the charge of a Leyden jar, I), is 
passed through the coil e d on A, a 
person whose hands grasp the con- 
ductors, t A, of the coil, B, will re- 
ceive a shock, the violeuce of which 
increases with the closer approach 
of A and B. The direction of the current in B, is the reverse of that 
in A. If a galvanometer is inserted in tho circuit » /i, its needle is 
deflected, or, if a magnetising spiral is used, needles tuny he magnetised 
by it 

930. Induced currents of different orders.— By using a series of 
flat spirals of copper ribbon alternating with helices of flue insulated 
copper wire, arranged as in fig. 690, Prof. Henry (in 1838) demonstrated 
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tnat secondary or induced currents produced other induced currents of 
the second, third, fourth, and so on, as far as the ninth order. Thus, the 
flat spiral, A, receiving the battery current, induces, at e\ory rupture 
of that current, a secondary intense current of opposite name in B, 
while the second flat spiral, C, receives from B a quantity current, 
inducing a tertiary intense current in the second fine wire spiral, W, 
and so on. The signs and — alternate after the first remove from 
the battery current, as is easily demonstrated by inserting magnetising 
spirals in the conducting wires, and using steel sewing-needles as testa, 
A screen or disc of metal introduced tatween any two of 691 
these coils, cute off the inductive influence. But if the 
eoreen has a slit, a b, cut from the centre to the circum- 
ference, a a in **• 691, the induction is the tame aa if no 
acree n were present. Discs or screens of wood, glass, paper, or other 
non-conductors, 'ffer no impediment to this induction. 

66 * 
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930. Extra-current, or tbe induction of a current on itaelt— 
The effect of a long and stout conductor in giving a vivid spark and 
shocks from a single cell (which alone, or with a short conductor, gives 
neither sparks nor shocks), was first noticed in 1832 by Prof. Henry. 
(Am. Jour. Sci. [1], XXII., 404.) This fact was afterwards the subject 
of investigation by Faraday, in December, 1834, and also by Henry, 
in January, 1835. The arrangement used by Prof. Henry is seen iu 
fig. 692. A small battery, L, is connected with the fiat spiral of cop- 
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per ribbon, A, by wires from the battery cups, Z and 0 ; when this 
communication is broken by drawing the end of one of the batter? 
wires, Z, over the rasp, a brilliant spark is seen at the instant of break* 
ing oontaot. No spark is drawn on making contact. Moreover, if a 
fine wire coil, W, is placed in the relation to A shown in the figure, 
there is only a feeble spark seen on breaking the battery contact,— 
while the powerful secondary current already named is set up in W, 
violently eonvulaing the hands which grasp its terminals. The strong 
spark from the large fiat coil or single wire in the first case, is then the 
equivalent of the current which would be produced in the second case, 
if such current were permitted. This reflux current induced on a con- 
ductor, and the outflow or recoil of which produces vivid sparks, is 
what Faraday calls the extra current. In powerful coils, this extra 
current produces sparks, the report of which resembles the explosion 
of a pistol, especially under the inductive influence of a powerful eleo 
tro-niagnet, os in the engine of I>r. Page, already noticed. The heavy 
coils of this apparatus produced sparks from the extra current fr>m 
two to six inches in length, and having the same rotative action as the 
conductor itself. (Am. Jour. Sci. [2], XI., 191.) Many forms of ele> 
tro-magnetic apparatus, in which two coils are combined, show the 
extra current in a striking inanuer, os in : — 

931. Page 'a vibrating armature and electrotome.— In this appa- 
ratus, fig. 693, the flow of the battery current is interrupted by the 
of the bent wire, P W C. At M is a bundle of soft tron 



ELECTRICITY. 


027 


vim, forming the core of the inducing coil. Becoming magnetic, thee# 
attract a small mass of iron on the end of P to M. This movement 
raises the othqRend out of the mercury in the cup, C, with a brilliant 
•park, due to the flow of the #93 

extra current, the magnetism 
having disappeared by the 
break of the battery flow. 

Gravity then restores the wire 
to its original position, thus 
renewing the battery current 
and the magnetism , and with 
it the spark in C. A fine wire 
Induction coil of two thousand 
or three thousand feet, wound about the inducing coil, developn the 
secondary currents already noticed, with powerful physiological and 
other inductive effects, resembling statical electricity* 

032. Induced currents from the earth's mag netism.— The earth’s 
magnetism also induces electrical currents in metallic bodies in move- 
ment ; another of the discoveries of Faraday. For this purpose, a helix 
in the form of a ring is made to revolve with its axis at right angles to 
the magnetic meridian, and, consequently, each point of the ring de» 
scribes circles parallel to the plane of this meridian. A pole changer 
on the axis is so arranged as to keep the induced current moving always 
in the same direction ; when so arranged, and its terminal wire# are con* 
nected with a galvanometer, a deviation of the needle indicates the flow 
of a current to the east or the west, according to the direction of ihe 
rotation. 

933. Conversion of dynamic into atatio electrioity.— The in- 
duction coil. — By careful insulation of the secondary coil of flne wire 
—os well in itself as from the primary or magnetising wire -^electricity 
of high tension is produced, surpassing, in energy and abundance, that 
from machines of thd|§reate*t power. Ma**on, in 1842, first succeeded 
in obtaining these results, but in a very feeble manner compared with 
those we now know. JtuhmkorJJ ', ; .if Paris, in 1851, constructed the 
coils which bear his name. By careful insulation of the fine wire 
coil, he succeeded in producing sparks of about two inebee in length 
between the electrodes, charging and discharging a Leyden jar with 
astonishing rapidity. No electrical instrument has, in modern times, 
been more celebrated. 

Ritchie, of Boston, has so vastly improved this apparatus, ss to*de- 
serve the highest praise from all interested in physical rerearch. 
Ritchie's form of the induction coil is shown in fig. 694, The 
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of the superiority In the American apparatus is due chiefly to th# 
mode of winding the fine wire coil, by which it is possille to nee with 
miocese a wire of eighty thousand feet in length, while 4tye limit in the 
instruments made by Ruhmkorff was about ten thousand feet. The 
extreme length of spark obtained by the European instruments, was, 
for the French, about too inches (Jean’s); and for the English, four 
Inehes (Hoarder’s) ; the American instruments have projected a torrent 
of sparks over sixteen inches in free air ; while the one shown in fig. 694, 
is limited to about nine inches. 

The chief parts of this apparatus are the two coils, an intemptor to the pri- 
mary circuit, and the coudensor. 

In the instrument here figured, 
over sixty-eight thousand feet 
of silk-covered copper wire, 

« the sifteit and purest possible, 
twelve thousandths of an inch 
in diameter (No. .12 of the wire 
gauge), is wouud upon the ex- 
terior bobbin, C. About two 
hundred feet of wire, one- 
seventh of an inch in diameter 
(No. 9), forms the inducing 
wire, whose ends 4" un 'l — tiro 
visible in the binding screws 
on the base. A heavy glass 
bell, a, insulate* the coils from 
each other, and its foot is 
turned outwards by a flange ns 
wide as the thickness of the 
eoll. The induction coil, for 
more perfect insulatiou, is also 
encased iu thick gutta percha. The ends of this coil are carried by gutta-per- 
cha covered conductors, to two glass insulating stands (only one of which is 
visihlo in our figure), where they end in sliding rods pointed with platinum at 
one end, and having halls of brass at the other. The interrupter devised by 
Mr. Hitchi*, is the toothed wheel, b, which raises a sggjng hammer, the blows 
of whiab fall upon tbe anvil, o, breaking contact belKen two stout pieces of 
platinum, fho European machines are provided with a self-acting break- 
piece; but experience has shown, by comparative trials, that there is an 
advantage in varying the rapidity of the interruptions, according to the class 
of effect* to be produced, ami that a certain time is requisite for the complete 
charge and discharge of the soft iron wires (which form the core of the battery 
circuit), longer than the automatic break -piece allows. 

The object of the coadeaaer (which is due to Mr. Fiscau) is to destroy, by 
Induction, the greater part of the force of the txtra r*rr«wf, which, owing to tbo 
very powerful magnetism developed in tbe core of soft iron within the battery 
eei, would otherwise greatly impair tbe power of the apparatus, as it moves in 
tdlfoetion opposite to the primary current (931). The condenser consists, in 
th e Instrument figured, of one hundred and forty sqnare foet of tin-foil, < 
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fete tfuat sections (two of m, mi mm of 4fl foot), whom termini are at «, Tba 
foil of the condenser I* earsAtUy insulated by triple fold* of mllcd »ttk, m4 
laid away ia the base o£ Uio instrument, in a cell prepared for it, quit* cot of 

▼low. 

Tbo battery fwv« aoodod to exelt* this apparatus, la ooly two or tbroo targe- 
flood oolia of Bnnsen's battery. 

0 

934. Effects of tbo induction ooiL — The physiological effects art 
to distressing and even dangerous, that too great care cannot he taken 
to avoid them. M. Quet was confined to hiw bed for some time, after 
having accidentally received the shock. Small auimals are instantly 
killed by its discharge. 

The lomlnoua effects. — When a aeries of sparks passes between 
the pointaof platinum, or between the balls, they are of a stgxag form, 
and accompanied by a loud noise and a strong odor of oxuue. Their 
color is violet and yellowish, or greenish yellow . If the points aro> 
within an inch or two, the stream of spark* appears to bo continuous, 
a fourth of an inch broad, surrounded by a violet areola, and crossed 
»y numerous lines at right angles fb its path. If it is blown by the 
oreath, or by a bellows, it is deflected into a curve, and a bright llamo 
is seen projected for some distance beyond the purple or violet stream 
of electric light. The color of the flame varies with the nature of the 
electrodes (886). If one of the electrodes is covered by a small glass 
flask, the power of the induction is such that a stream of violet elec- 
tricity is seen, as it were, to {mss directly through the glass, while the 
ball of the flask is covered with a magnificent net- work of violet light, 
spread out like the blood-vessels upon the eye-hall. 

If an i’Bpinus condenser, or a Leyden jar, is put in the path of 
the current, the length of the spark is much diminished, hut ha 
intensity and splendor are increased twenty-fold. The electric light 
then liecoine* intensely white, and the sound of the explosion of the 
successive sparks, when these aro drawn by a slow movement of the 
break-piece, is like the snap of fulminating mercury, or the sound of a 
pistol, while the ehfctric stream appears continuous. If a Newton’s 
chromatic disc is caused to revolve before it, each spark causes the 
colors of the revolving disc to appear stationary, although without this 
evidence of an intermittent character, the stream of electricity would 
ippear to be unbroken. 

Sfflerdid phenomena of Jlu»rr»r*nc9 with cansry -colored glass —chemical 
decompositions, deflagrations of the leaf metals, discharges of flashes of light- 
ning over the surface of a metallic mirror, a gilded hoard, or wet table, and 
mvmerces other most beautiful and instructive experiments, sry made with this 
if paratas. Indeed, nearly all the phenomena of statie electricity are shown by 
It, and same of them with a power which no frictional apparatus can approach. 
It Is srrious to observe, that the sparks of this kind of electricity paas freely 
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frost pointed wires (826). If two fine iron wires are nsed as the electrodes, the 
negative wire alone reddens and barns, unless the current is very energetic* AH 
the apparatus* used for showing the luminous effects of machine electricity, 
jf 862, may be employed with this apparatus with vastly greater brilliancy. 

TiM chemical effects of the induction coil are shown in the decom* 
position of water, Ac., while a stream of sparks from it, passed through 
a tube containing air, soon causes the production of reddish vapors due 
to the formation of hyponitric acid from the union of the elements of 
the air. Mr. Qassiot has lately shown (Phil. Mag. Aug. 1800) that the 
Intensity of the coil is such as to transmit electrolytic effects across 
glass, or apparently through the walls of a Florence flask. 

035. Light of these currents in a vacuum. — The difference be- 
tween the light from the positive and the negative electrodes has 
already been noticed. Owing to the absence of intense effects of heat 
«iu the currents from the induction coil, they 6US 

are particularly adapted to illustrate this dif- 
ference, especially in racuo. 

In a vacuum tuhe, or the electrical egg well 
exhausted, a. torrent of rosy or violet fire falls, 
from the positive electrode above, toward the 
negntive, which is surrounded with a blue and 
white light, extending down the stein, with 
splendid fluorescence (533). If the vacuum is 
made uponvupor of turpentine, or of phosphorus 
iu the egg, or in an auroral tube, a most wonder- 
ful phenomena shows itself ; the strut ifivatum 
of the electrical light in alternate hands of light 
and darkness, surrounding and depending from 
the positive pole, us indicated in fig. ti'.to. This 
curious phenomenon was first ohserwd by Mr. 

Grove. Vapor of alcohol, wood-naptha, hiclorid 
of tin, or bisulphid of carbon, may be used, each 
with a different effect. 

Mr. Gossiot has studied with greut cure the 
character of the spark in vacuums formed on 
various gases am) vapors, and has established 
the curious fact, that in a perfect Torricellian 
vacuum, the spark will not pass, showing that 
an extremely tenuous vapor is essential to its passage. These facte 
bear in an important manner on the pheuomena of the Aurora Borealis 

CNumiot’s caaoade in vacuo.-— -If we place in a vacuum a goblet 
coated with tin-foil in the manner of a Leyden jar, and carry the indue* 
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turn current Ik# its bottom by meant of a wire patting torough the cap 
of tbe air-bell, as in fig. 696, the other electrode being in oommunioattoa 
with the air-pump plate on which the whole appn- ••• 

ratus stands, we are delighted to see, when the cur 
rent is established from the inductiou coil, the vase 
overflow like a fountain with a gentle cascade of 
light, wavy and gauxe-like, falling like an auroral 
vapor on the metallic base. This experiment re- 
quires a very good vacuum, and is certainly one 
of the most beautiful exhibitions in luminous elec- 
tricity. 

Dot). Rotation of the electric light about 
a magnet. — We here recall the early observa- 
tion of Davy, { HK3, on the influence of & magnet I 
on the Voltaic arc. If an electro-magnet is enclosed in the elec- 
trical egg and a very perfect vacuum is made within it, when the 
induction current is caused to flow, llte electrical 
stream is seen to revolve in a sternly and ea«y man- 
ner about the magnet, the direction of its motion 
corresponding to the polarity of the magnet. In 
tig. 697 is shown such an apparatus. Tin* magnet 
here is a bundle of soft iron wires enclosed in a 
%\ann tube, and passing through the foot, so that 
when the instrument is placed on one pole of an 
electro-magnet, the mass of wires may l>c magnetised 
inductively. Two platinum wires -f and — pass in 
glass tubes hermetically through the walls of the 
vessel, into the vacuum and form the points of attach- 
ment for the electrode*. 

937. Applications have been made of the induc- 
tion current for firing blasts and sub-aqueous maga- 
sines, and also for lighting simultaneously all tbe gas burners in a lar ftt 
audience room or theatre. 

Electrical Matting by HuhmkorfT* coil is easily accomplished by tb» 
use of Siatehara’s fuse, fig. 

698, which is only a gutta-per- 
cha covered conductor, A B, 
in which the discharge is in- 
terrupted at points, a 6, buried 
in the gunpowder, producing i { 
its conibu tion, even al a dis- 
tance of many nr lea, and in many distinct minss, or blast holes, en# 
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oessively, bat almost at the same instant. Dr Hare first employed his 
oalorimotors for electrical blasting in 1831. (Am. Joar. Sci. [1] XXI 
130.1 But the use of an extended battery, and all uncertainty, is 
avoided by using the induction coil. RuhmkorfT, in experiments made 
at Villette, inflamed gunpowder with this coil through about eixteen 
mites. In excavating the Napoleon docks at Cherbourg, lately, over 
65,000 cubic yards of rock were thrown out by one series of blasts fired 
in ibis way. 

II. MAGNETO-ELECTRICITY. 

938. Current* induced by magnet*. — If the helix in fig. 699 is 
connected with a galvanometer, and a bar magnet is quickly tbrust 
into, and suddenly withdraw!, from it, 699 

the needle of the galvanometer indi- 
cates the movement of a current of 
electricity opposite in the two cases, 
and whose direction in each case is 
opposite to that of a current which, on 
Vmpfere’s theory, would produce a 
uagnet like the one employed. It is 
hardly needful to say that reversing 
the ends of the bar magnet, reverses the movements of the galvano* 
meter. This is a case of magnetic electric induction. 

This fact is also illustrated in other modes, viz. : — 
a. By rewiring a circular plate of copfmr between the poles of a 
he rse-aboe magnet (arranged in general like fig. G78), the axis of th* 

700 




topper neing in oonnection with one pole, and the edge with the other, 
a eerie* of sparks may be obtained, as in Faraday's original experiment; 
•ome devine being inserted to interrupt the current during the revolt* 
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8. By a helix on the armature of a magnet, the end* of the hebx being 
connected with the poles respectively, on suddenly sliding the Armature 
fr:»m the poles of the magnet, a spark is seen, and if the fingers grasp the 
wires at the same time, a shock follows. This fact was first announced 
in Deccmher, 1831, by Sra. Nohili and A tumor i. Saxton constructed 
the first magneto-electric machine in which the armature, wound with 
a helix, was made to revolve in front of the jwdes of a magnet, and so to 
reproduce all the phenomena of static and voltaic electricity from }*r» 
maneut magnets. Fig. TOO sh s« an improved form of Saxton's apple 
ratus, where the double inducing coil revolves by means of u motor 
wheel and baud between the poles of two powerful magnetic batterioa. 
The magnetic electric-induction is interrupted by the little crown-wheel 
•seen on the upper end of .he axis of the revolving coils. 

Clarke's magneto electric apparatus.— This apparatus ,i a modi- 
fication of Saxton*.*, nttii consist* of • 701 

powerful magnetic hat lory. A, fig. "01, 
clamped on tho upright hoard, It, by the 
oUmp C. The wheel, F. pula in motion 
two helices, 11 IS, wound upon a rotating 
armature of soft iron. Tho «do«*tii« si cur. 
rent induced in the coils is interrupted by 
the spring, or hook, y, which rub* on tho 
ok piece. 11. while tho riicmt 
; hv tho hook. »», p«-"tiig uju>n 
A 

stout wire, T, movable at pie:».« rc, eon- 
ncots the two sides. M end N, herwise 
insulated hy tho piece of dry w«»o«l. 

When the coils Arc rapidly rotated befoie 
tho polos of the magnet, the current i* in 
t«*rruptcd twice in every re\idutn hv the 
hook, Q, with the production of a 1 illinnt 
•perk. If tho coils are compound of i g 
and fine wire, then powerful *h<« k* will he 
exfierienced hy one bolding tho handle* H 
and S. hut capable of a great gr • •i.i»in<u». ky changing the position of the l>ro*(t 
piece. If, with reference to the p . 1 1 . *• r< volution when if leave* y, The«e 

shocks may bo made <piite intolera- 
ble. 

If the conducting wires of the 
intensity coil terminate tn a decom- 
posing apparatus, tig 702. trams 
•f urinate gas bubbles ire »eei 
rite trots the platinum point# under 
the tubes, showing the production 
cf dynamic from magnetic electri- 
•Itjr. Other effects of the intense 
«UM, as the decomposition of iodid 

if pots e«iu m, may also be produced with it. SabstiUitlag a coll of large * 
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lot over two hundred feet long, for the smell long wire, the quantity trmntwrt Is 
predated, from which brilliant sparks, the deflagration of mercury, and setting 
Ire to ether, as in flg. 703, tnaj be produced; mercurj, in a copper spoon, B, is 
touched hr the revolving points, A, on the end 703 

of the axis, d, and with every disruption of 
the eireult, the extra current discharges with 
splendid effect. A platinum wire maj also be 
ignited, aod electro-magnets charged bj the 
same armatures. Thus we see all the effects of 
eleo'xicity, physical and physiological, coming 
from a magnet. 

8 

930. Identity of elootrloity from 
whatever aouroe. — It follows from all 
that has been said, that the phenomena of I 
magnetic, static, and dynamic electricity, 
are all capable of being produced each by 
the other; and the conclusion seems war- 
ranted that electricity, from whatever source, is one and the same 



Numerous and instructive forms of apparatus have been devised to demon* 
strata this point, as well also as to illustrate in detail, the principles we havo, 
for want of space, been compelled to state in terms too concise. The student 
and teacher vtill find it useful to consult the figures of Davis's Manual of Mag- 
netism for various forms of apparatus, due to the ingenuity of Faraday, Dr. Page, 
and many others. For works of standard authority, he is referred to Faraday's 
experimental researches, and Do La Hive's treatise on electricity, each in three 
volumes. 

| 6. Other Sources of Blectrioal Excitement. 

940. Universality of electrical excitement.— Every change in 
the physical or chemical condition of matter, seems to be attended 
with electrical excitement. This is evident from the phenomena 
attending the cleavage, or pulverixing, of many minerals and crys- 
tallised substances, as sugar, mica, sine-blende, and numerous other 
substances which evolve light when suddenly cleaved. If precautions 
are taken to insulate these, as with mica it is easy to do, by sealing 
wax, they also show the effects of electrical excitement by the coo 
denser. The production of crystals is often also accompanied by eleo> 
trical light 

Combustion, evaporation, the escape of gas attending chemical trans 
formations, chemical decompositions and combinations, have all been 
known to evolve electricity when properly observed ; but in most such 
oases, the phenomena are too complicated to render it clear to which, 
if indeed to any single action of those enumerated, the excitement is 
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The electrical currents set up by beat ( thermo-electricity ), and those 
arising from the phenomena of life (animal electricity), are the moat 
important of all aource* of electricity not before dwelt ou, and to them 
we will now briefly advert. 

1. THI«MO-*LRCT*!C!Tr. 

941. Thermo-electricity. — The discovery of thin aource of eleo* 
meal current* is due to Seebeek, of Berlin, in 1821 . He found that 
If two metala of unlike crystalline texture and conducting power are 
united by folder, and the point of junction is either heated or cooled, 
an electrical current is excited, which in general flows from the point 
of junction to that motal which is the poorer conductor. Fig. 705 
shows such an arrangement of two little bars of bismuth and anti* 
mony. When the junction, e, 704 701 

is heated, a current of positive 
electricity flows from the bis- 
muth, 6, to the antimony, a. If 
the form of a rectangle is given 
to this arrangement, as in flg. 

704, an instrument resembling 
Schweigger’s multiplier is form- 
ed (905), by which the magnetic needle is deflected. A twisted wire 
also produces a thermo-electric current when the Jwisted portion is 
gently heated, and, besides metals, other solids, and even fluids, give 
rise to this species of electricity. The order in which the metals stand 
in reference to this power is wholly unlike the Voltaic series, and 
appears related to no other known property of these elements. The 
rank of the principal metals in the thermo-electric series is as follows, 
as determined by Becquerel: — The nuinWs prefixed give the order of 
each metal in the table of specific heats ns determined by Heguault. 
Tboee having the highest specific heat, ns a general rule, being first in 
positive power (-f ) in the thermo-electric magnet : 6 antimony ; 1 iron; 
2 sine ; 4 silver ; 7 gold ; 3 copper ; 5 tin ; 9 lead ; 8 platinum ; 10 
eilver. 

When the junction of any pair of these is heated, the current passes 
from that which is highest, to that which is lowest in the list, the es- 
trainee affording the most powerful combination. 

Becquerel has found the intensity of the current in a thermo-elcctrio 
combination to be proportional to the difference of temperature in the 
soldering* up to 100° or 129° F., one of the points being at 32°. Above 
this limit, the increase of intensity is less and less, with an increase ol 
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hfeat In a couple of copper and iron, the increase of current wan in 
sensible near 570° F. 

In a compound thermo-electric series, in loose effects, analogous te 
those of the Voltaic pile, are obtained only when half 70 s 

the solder ings are heated, the alternates being 
cooled. 

Tliermo-eleotrio motions. — If a compound ring 
of brass and German-silver is suspended within the 
poles of a magnet, as in fig. TOC, when the soldering 
of the ring is heated, a revolution is set up, through 
the influence of the magnet on the electric current, 
quite analogous to similar electro-magnetic motions. 

Cold produced by electrical currents. — If we 
pass a feeble current of electricity through a pair of 
autimony and bismuth, the temperature of the system 
rises, if the current passes from the former to the 
latter ; hut if from the bismuth to the antimony, cold is produced in 
the compound bar. If the reduction of temperature is slightly aided 
artificially, water contained in a cavity in one of the bars may be frozen. 
Thus we see that, as a change of temperature disturbs the electrical 
equilibrium, so, conversely, the disturbance of the latter produces the 
former. 

042. Melloni's thermo-multiplier. — We have already alluded to 
this delicate metallic thermometer, ( 588, and have shown iUtapplica* 
tion in the phenomena of dia- 708 707 

tbermancy (642). This instru- 
ment consists of a series of 
small bars of autimony ami bis- 
muth, a ami 5, fig. 707, soldered 
together at their alternate ends. 

Two wires connect the opposite 
members, n ami m, fig. 708, of 
this battery, with a galvanome- 
ter, The needle of the galva- 
nometer is suspended over a graduated circle, and moves in exact 
accordance with a thermo-electric current produced by the battery. 
The least difference in temperature between the opposite faces of tbit 
battery, produces a thermo-electric current, deflecting the needle of 
the galvanometer, fig. 658, as already explained in (642. 

II. AKIM AL KLKCTRtCtTV. 

943. The galvanic current. — We have already spoken of the di» 
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eovery by Galvan i of electrical currents in animals, living, or recently 
dead, (lowing from the outer or cutaneous, to the inner or 
mucous surface. Thus, whou .contact is made between the 
muscles of the thigh and the lumhar nerves, by bending 
the legs of a vigorous frog, fig. TOW, contractions imme- 
diately follow. Aldini, who was a tcalous advocate of 
Galvaui’s views, during the controversy between fhe fol- 
lowers of Galvani and Volta, demonstrated the existence 
>f Aach a current in other animals by the legs of a frog used 
is a galvanoseope. For this purpose, he brought the 
lumbar nerve of a frog, held as iu fig. 710, in contact with 
the tongue of an ox lately killed, while the hand of the operator, 
with salt water, grasped an ear of the ani- 
mal to complete the circuit. The legs were 
then convulsed as often n* the nerves touch 
the mucous surface of the tongue. The same 
delicate electroscope also shows similar ex- 
citement when its pendulous ischintic nerves 
touch the human tongue, — the toe of the 
frog lieing held between the moistened 
thumb and finger of the experimenter. 

Matteucci, of Fisa, in IK?»7 (forty years 
after Galvani’* result was obtained), bus the 
merit iff reviving (ialvutii’s original and cor- 
rect opinion as to the vital source of this •»- 
electricity. He demonstrated, that a current of positive electricity is 
always circulating from the interior to the exterior of a muscle, and that, 
although the quantity is exceedingly small, yet, by arranging a series of 
muscles, having their exterior and interior surfaces alternately con- 
nected, he produced suffi 
cicnt electricity to cause 
decided effects. By a series 
of half thighs of frogs, 
arranged as in fig. 711, he 
ed the iodid of 

potassium, deflected a galvanometer needle to ( M\ and, by 
a :*cndenser, caused the gold leave* of an electroscope to 
diverge. The irritable muscles of the frog’s b*g* form an 
electroecope fifty-six thousand times more delicate than the 
most delicate gold-leaf electrometer. When the pendulous 
nerve of a single leg, arranged in a glass tube, as in fig. 712, 

>• touched in the places where electrical excitement is suspected, tb# 
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muscles in (be tube pre instantly convulsed* Du Bois Raymond, of 
Vienna, bas demonstrated the existence of these currents, in hi* own 
person, by the use of the galvanometer, for which purpose the muscles 
of the bands and arms are alternately contracted on a metallic bar in 
connection with a galvanometer. 

944. Electrical animals. — In some marine and fresh-water ant* 
mats, a special apparatus exists, adapted to produce, at pleasure, pow- 
erful currents of statical electricity, either as a means of defence, or of 
oapturing their prey. Of these, the electrical eel, of Surinam, first 
described by Humboldt, and the cramp-jieh, or torpedo, a fiat fish found 
on our own coast, are the most remarkable. They have an alternate 
arrangement of cellular tissue and nervous matter in thin i lates of a 
polygonal form, constituting a perpetually charged electrical battery, 
arranged in the manner of a pile. By touching their opposite surfaces, 
a very violent shook is received, such as to disable a very powerful 
man, or even a horse. Prof. Matteucci has shown us how to charge % 
Leyden jar, by placing the torpedo between two plates, arranged like 
the plates of a condenser ; and Faraday has published an interesting 
account of his experiments with the eels of Surinam, from which he 
not only obtained shocks, hut made magnets, deflected the galvanome- 
ter, produced chemical decompositions, evolved heat and electrical 
sparks. (Expt. Res. 1749-1795.) The student is also referred to Prof; 
Matteuoci’s interesting “ Lectures on Living Beings/’ for further details 
on this very interesting subject, and to a memoir, on the American 
Torpedo (Dr. D. II. Storer, Am. Jour. Sci. (1), XLW, 1G4). 

945. Electricity of plants. — Pouillet, in his researches on the 
origin of atmospheric electricity, made the interesting discovery of the 
disengagement of negative electricity during the germination of seeds, 
and the growth of plants. This observer estimates that a surface of 
.100 square yards covered with vegetation disengages, in a day, more 
electricity than is required to charge the most powerful Leyden battery. 

Currents of electricity have also been detected in fruits, and in the 
bark, roots, and leaves of growing plants ; the roots, and all internal 
parts of plants filled with juice, being, according to BulT, negative with 
relation to the exterior or less humid parts. 

f JW problems on Electricity, me end qf Meteorology.} 
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CHAPTER I. 

METEOROLOGY. , 

946. Meteorology is that branch of natural philosophy which treats 
of the atmosphere ami its phenomena. The subject limy properly be 
divided into— 1st, Climatology ; 2d, Aerial phenomena, comprehending 
wind it, hurricanes, and waterspouts ; 3d, Aqueous phenomena, includ- 
ing fogs, clouds, rains, dew, snow, and hail; 4th, Luminous and elec- 
trical phenomena, as lightning, rainbows, and aururn l m> real is. 

Our narrow limits of space restrict our remarks on this interesting 
subject to s very inadequate rehearsal of its principles. The student 
will refer to the works of Rapt and It lot! get, and the papers of Coffin, 
Henry, Loomis, Red fie Id and others, in the transactions of the Ameri* 
can Philosophical Society, publication* of the Smithsonian Institution, 
the United States Patent Office, and the American Journal of Science, 
for an exhibition of the American results in this science. 

( 1. Climatology. 

947. CUma tea. aeasona. — By climate is meant the condition of a 
place in relation to the various phenomena of the atmosphere, as tern* 
peraturdf moisture, Ac. Thus, we speak of a warm climate, a dry 
climate, Ac. 

A season is one of the four divisions of the year, spring, summer, 
autumn, and winter. Astronomical seasons are regulated according to 
the march of the sun. In meteorology it is sought to divide them 
according to the march of temperature. Winter being the most rigor- 
out of seasons, it is so arranged that its coldest days (about January 
15th) fall in the middle of the season. Hence, winter consists of De- 
cember, January, and February ; spring of March, April, and May, 
Ac. Few meteorologists have regard to the astronomical divisions, 
which make winter begin December 21st. 

918. Influence of the eun. — The sun is the principal cause that 
regulates variations in temperature. In proportion as this luminary 
rises above the horison, the heat increases ; it diminishes as soon as it 
eels. The temperature, also, depends on the time it remains above the 
horison. The sun, in winter, sends its rays obliquely ujkio the earth, 
and at this season, therefore, less heat is received than in summer, 
when it* rays are more nearly perpendicular. Mathematicians hate 
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in Tain endeavored to deduce the temperature of days and seaeone 
from tbe height of the sun above the horizon. This failure is owing 
to many accidental and local causes, which modify the result, — as ele- 
vation above the ocean, inclination of the surface, vicinity of seas, lakes, 
:r mountains, prevalent winds, &c. 

949. Meteorological observations, to be compared with each 
other, especially when made in different locations, should be made at 
certain fixed hours of the day. The hours regarded as most suitable 
for this purpose, are 0 a. m., 2 p. m., and 10 r. n. To these hours are 
sometimes added 9 a. m., and G p. m. 

950. Mean temperatnre. — The mean or average daily tempera- 
ture 1 is commonly obtained by observing the standard thermometer at 
stated times during the day, and then dividing the sum of these tem- 
peratures, respectively, by the number of observations. It has been 
ascertained, that the xncan temperature deduced from observations 
taken at G a. n., 2 r. m., and 10 p. n., corresponds almost exactly with 
the mean obtained from observations taken every hour in the 24; 
hence the three hours named are considered the proper hours for 
taking observations. The lowest temperature of the day occurs shortly 
before sunrise ; tbe highest a few hours after noon. The mean daily 
temperature, at Philadelphia, is found to be one degree above the tem- 
perature at 9 a. m. 

By taking the average of all the mean daily temperatures throughout 
the year, the mean annual temperature is obtained. 

951. Monthly variations in temjterature . — In the successive months 
of the year, there is a regular variation in temperature. From the 
middle of January, the temperature rises, at first slowly, in April and 
May rapidly, then less rapidly to the end of July, when it attains its 
maximum. It falls first slowly in August, rapidly in September and 
October, and reaches the minimum about the middle of January. 

In tbs United States, tbe monthly variations of temperature are nearly as 
follows. (The figures attached to tbe signs -f * Q( 1 — by the side of each month, 
signify tbe number of degrees colder or warmer it is than the one immediately 
preceding.) 

January, tbe coldest; February, -j-2° to 4°; March, 8° to 10°; April, 16°; 
May, »° to 12 June, 7° to » e ; July, 4° to 6° ; August, —1° to 3° ; September, 
—>3° to 8°; October, — 8° to 10°; November, — 10° to 14°; December, —10° In 
13°. Tbe coldest days arc generally about tbe 13th of January; tbe warmest, 
near tbe 23tb of July. Tbe means of the months of April and October, am 
very near tbe annual moan. 

952. The range of temperature during the year, is due to variations 
in the length of days and nights, and the height of the sun above the 
horizon at noon. 

In January, when tbe days begin to increase In length, tbe sun nets with i 
force, bemuse its angular height is greater, and because it remains longer ab o ve 
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the horhon. This change it slow st first* and it is only towatd* tiis vernal 
equinox that the increase in temperature is considerable. The days being then 
longer than the nights, the earth receives more beat than it loses by radiation. 
The temperature increases more slowly as the summer solstice is Approached, 
because the changes in the height of the sun and length of the day, are small. 
After the solstice, the temperature continues to increase, until about July 25th ; 
the heat received through the day being still greater than the quantity lost 
dnrlng the night. As the days decrease in length, and the sun approaches the 
equator, the temperature falls, and attains its minimum near the middle of 
January. For the extremes of natural temperature, compare section 744, 

953. Variations of temperature in latitude. — The menu tem- 
perature of different places on the same latitude, varies according tc 
the height of the sun at mid-day altovc the horizon at these points. 
The highest temperature is, therefore, found at the equator ; it dimin- 
ishes either wav to the poles. 

The mean summer temperature of regions midway between the poles and tbs 
equator, may la? as high as at the equator, because the sun is above the horlton 
a greater number of hours. At the poles, however, where the sun is above the 
dorixon during six months of the year, the rays are directed so obliquely that 
their calorific action is very feeble. 


The temperature is not the same for places in the sium* latitude in 
the two hemispheres, as is seen in the following table: — 


j Places. 

Latitude 

! I 

Places. 

Latitude. 

Temp. 

; Falkland Isles, . 

M°S. 

47° 23 

London, 

M v 31' N. 

&0°*72 

| Buenos Ayres, . 

! 34* 36' 8. 

«2° 6 i 

Savannah,. . . 

32* 0.V N. 

61* 68 

! Itio Janeiro, . . j 

1 22* 56' 8. 

73°*yfl J 

Calcutta, . . • 

22* 35' X , 

78*44 


This variation is owing to a variety of local causes, such as the ele- 
vation and form of the land, proximity to large bodies of wuter, the 
general direction of winds, Ac. 


•M. Variations of temperature in altitude.— The average diminu- 
tion in temperature in ascending from the sea level is 1° F. for every .100 fart, 
Supposing the average tcm)H>rature of the air at the level of the sea, near the 
equator, to be 80°, and toward the poles 0°, the figures in the second and third 
column of the following table will express approximately the temperature at dlf* 
threat elevations. (From Daniell.) 

nsene ask or rzurznArmu is mi atmosmikhk raou ki. station* 




- — — — t 

A Hit ads In feet 

Equatorial tempera* 
turs. 

Arctic temperature. 

0* 

80° 

0° 

6,000 

64°*4 

— 18**6 

10,000* 

48*4 

— 87**8 

16,000* 

81° 4 

— 68° 8 

io,ooo* 

12°*8 

— 82**! 

16,000* 

— 7°*8 

— 100**1 

10 , 000 * 

— 80**7 

—140*8 
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455. Lim.t of perpetual mow. — It follows from wbat has just 
been stated, that in every latitude, at a certain elevation, there must 
he a point where moistur* once froseo must ever remain congealed. 
The lowest point at which this is attained is called the limit of per* 
petoal snow, er the snow-line. This point is generally highest near the 
equator, and sinks towards either pole. There are, however, numerous 
exceptions to this rule. 

LIMIT or PERPETUAL SNOW AT DIFFERENT PLACES. 


Places. 



Latitude. 

Snowlines. 

Straits of Magellan, . 



54° S. 

3760 fast 

Chili, 

, 


41° S. 

6009 “ 

Quito, 

. 


• 00° 

15,807 « 

Himalaya, North side, 

i 


30° 15* N. 

16,719 “ 

Alp*, 

. 


42° N. 

8230 “ 

W. Cordilleras, . . . 

. 


14° 30' S. 

18,631 " 

Mexico, 

, 


19® N. 

14,763 « 

/Bins, 

. 


37® 30' N. 

9531 « 

Kamtschatka, . . . 



66° 40' N. 

5248 « 


It has been observed that the different heights of perpetual frost da 
very slowly as we recede from the equator until we reach the limit of the torrid 
tone, when they decrease more rapidly. The average difference for every 5° of 
latitude in the temperate cone is 1318 feet, while from the equator to 30° Uto 
average is oniy 064 feet, and from 60° to 80* of latitude it is only 891 feet The 
limit of perpetual snow presents remarkable and inexplicable phenomena at 
different points: thus it is much higher in the Himalayas, latitude 14° 15' N., 
than at the equator. Humboldt remarks that the limit is not due alone tc 
geographical latitude, that it is owing to a combination of many causes, such as 
differences in the temperature of each season, the direction of the winds, tbs 
habitual dryness or humidity of the atmosphere, the form of the mountain, lie 
vicinity to other peaks, Ac. 

056. Iso thermit lines.— If all the points whose mean temperature 
Is the saute are connected by lines, a series of curves are obtained, 
which Humboldt was the first to trace on charts, and which he has 
named isothermes, or isothermal lines (from **»?, equal, and dippy, 
heat). The latitude and longitude are the principal conditions which 
determine the temperature of any point upon the earth’s surface, hut the 
Influence of these conditions is greatly modified by numerous accidental 
and local influences: hence, the isothermal lines present numerous 
sinuosities instead of passing around the earth parallel to any degree 
of latitude. The intnxiuction of isothermes formed an important epoch 
in meteorological science, for by it have been established the great laws 
of the distribution of heat over the surface of the earth for the 
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-mom. The chart of isoclinal lines, fig. 543, serve* also to illustrate 
the general direction, and place of isothermal lines. 

1 2. Aerial Phenomena. 

957. General consideration of winds. — Wind is air in motion. 
Winds are generally caused by variations in the temperature of the 
earth, produced in part by the alternation of day and night, and the 
change of the seasons. The air in contact with the hotter portion of 
the earth becomes heated, and being lighter than before, rises, while 
the surrounding air rushes in below to supply its place. The revolution 
of the earth on its axis, also comes in as an important modifying cause 
of the thermal conditions. Winds are also, sometimes, caused by the 
sudden displacement of large volumes of air, as in the fall of an ava* 
lanche. Winds are named from th* points of the horixon from which 
they blow. 

958. Propagation of winds. — Whether a wind is first felt ie the 
oountrv from which it comes, or in that to which it is directed, is still 
an unsettled question. It would seem, however, that often at least it is 
first felt in the region to which it is directed. 

It has already bean said that wind* are caused by Inequality* in ths tempera- 
ture of the air. If the air abort a certain region, a* in the tropic*, becomes 
heated, it rises, and the air in the vicinity ru*he* into the space abandoned by the 
ascending column This air become* rarefied, and thl* rarefaction i* communi- 
cated from point to point, Ju*t a* the wave* of Round expand. The wind t* thus 
propagated in a direction opposite to that in which it Mown, flitch wind* are 
ealled wind* of <t«/»iV«ftaa. Wind* which are propagated in the *atue direction 
from which they blow are called winds of Franklin matin some 

interesting observation* on wind* of aspiration. lie noticed that a violent north- 
east wind, which arose about 7 o’clock, r. u , in Philadelphia, wan not felt at 
Boston until 11 o’clock in the evening. Again, a violent south-west wind Mew 
first at Albany, and afterward* at New York Hut the existence of wind* of 
insufflation Is not !•** well proven. Ths terrible hurricane from the south. west, 
on the 211th of November, 1830, arrived ai London at 10 o'clock in (be morn- 
!»*.* the Hague at 1 o'clock in the afternoon, at Amsterdam at lb at Hamburg 
at fi, at Lubeck at 7, and at fltettin at half-past 9 o’clock in the evening. 

959. Anemoscopes. — The direction of currents of air blowing at 
greet heights may often l>c determined by the direction in which the 
elouds move. The direction in which surface winds move is determined 
by means of anemoscopes (from $vt/ws, wind, and *xojrdg, one who 


The ordinary vane ii the simplest anemoscope. From its position on ths top 
•f an odifice, observation* of it are extremely inconvenient, and a* ordinarily 
eonstructed, it is not sufficiently delicate to move with slight agitations of the 
air. Anemoscopes, suitable for accurate observation, are variously constructed. 
They may consist of tw> or more fan- wheels, whose axis supported horisontally 
h la connection with a vertical bar. The lower end of this bar Is dsUeataly 



mi has * nce&* attach** to U at tight asglaf, 
pi— d i al - pl ate, The n ee dle potato upon the dial to direction of thewind. 

960. Anemotsetex* (from &e/xo*, wind, tod fUrpo v f measure) ai* 
fnatnuaeata designed to measure the velocity of winds. 

The velocity of wiode is indicated by the force with which they novo, 4. 
the pressure they exert. Some anemometers are constnicted so as to exhibit ths 
amount of pressure excited by a wind upon a plate placed perpendicular to iti 
own direction. This plate may be supported on a spiral spring, the extent of 
its compression indicating the force of the wind. Fig. 71$ lepresenta a staph 
form of this class of instruments Other ^ 

anemometers indicate the velocity of the 
wind by the number of revolutions given 
to a fan-wheel in a given time. Such an 
one is Woltanann's anemometer. It con- 
sists essentially of a small wind-null, to 
which is attached an index marking the 
number of revolutions per minute. The 
stronger the wind, the greater the number of revolutions made. The necessary 
data for ascertaining correctly with this instrument the velocities of winds an 
easily obtained as follows : — Nothing more is necessary, than on a calm day, tc 
travel with the apparatus on a carnage or rail car, observing the number of re- 
volutions made in going any known distance in a given time. The effect will 
be the same as if the air was in motion. A table is then constructed, indicatinfl 
the velocity of a wind which turns the sails forty, titty, sixty, or more times pel 
minute. 

Anemometers of very various forms have boon designed. No one yet con- 
structed indicates the velocity of winds with absolute precision. 

961. The velocity of winds varies from that which scarcely raovei 
e leaf to that which overthrows the staunchest oak. 



veIjOcitv and pow'er or winds (Smeaton). 


Velocity of the wind. 
Miles per hour 


I 

4 

5 
II 
16 
20 
26 
$0 
$6 
40 
60 
•<f 
60 

100 


PrrppndlcnUr ft»rpc on one 
sq. ft lu ll>* avoirdupois. 

•005 

*079 

•123 


1968 
8 075 

4-429 
6 027 
7*878 
12 300 
17 715 
81 490 
49 200 


Common appellation or such 
winds. 

Hardly perceptible. 

. Gentle wind. 

i . 

> Pleasant brisk gale, j 
J • Very brisk. 

^ • High wind j 

Very high. 

Sturm 

Great storm. 

Hurricane. 

Violent hurricane. 


FonDtlM. — The following formulas for determining the velocity of 



•Mil frot» tiw obWffrxi pr iw n m, km bm deduoad from SwMi 
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If Y mmu tt U< nbdlgr par hoar U mil**, mi P nprarnt. Um | 

M * (q«an tot af auto* at right angto to tk. diraetioo of Um vtodi 


r ->M® * 

Hi p*m*wr* la pounds ifoirdupoii, on a square fool of eurfeee, whoa the witiJ 
»ores one mile an hour, being ■* 0*00492 Um. 

To obtain the veloeity per eooood in feet, we multiply by 6280 (the number offset 
tm a mile), and diride by 2000, the number of seconds in an hour, and we hate 
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X 14*267 y'p'mm 20*01 |/ P. 


Winds are divided into three classes, vis., regular, periodical and 
variable. 

962. Regular winds are those which blow continuously in a nearly 
constant direction, as the trade winds. 

Trade winds occur in the equatorial regions, on both sides of the 
equator to ainmt 30° of latitude. Those in the northern hemisphere 
blow from the north-east to the south-west ; those in the southern hemi» 
phere from the south-east to the north-west. 

These winds ore produced by the unequal distribution of heat upon the surface 
of the earth, and by the rotation of the earth on its axis. From the vertical 
position of the sun, the equatorial regions arc intensely heated, the temperature 
gradually dimimthing toward* the poles The heated air, above the equator, 
rises and blows off in the upper regions of the atmosphere towards either pole. 
At the same time, currents are established on the surface of the earth to supply 
to the equatorial regions the sir which the upper currents have carried off. If 
the earth were at rest, these winds would blow due north and south. Hut the 
earth is revolving on it* axis, from west to cas*. at the equator; therefore, the 
eastern velocity is greufest, but it gradually diminishes towards the poles. fn 
consequence of this, the wind blowing from the north pole, towards (he cq tin tor, 
acquires a westerly direction, and seems to come from the north-east, and for 
the same reason, the wind blowing from the south pole towards the equator, also 
acquires a westerly direction, and seems to come from the south-east. 

These trade winds are not stationary, moving to the north in the summer of 
the northern hemisphere, and south as the sun withdraws to the southern tropic. 

The general direction of these trade winds is no more altered by the lorn* of 
continents, .heir elevation and headland*, than is the general course of the 
waters in a river by rocks in its lied, though abrsding surfaces and irregulari- 
ties may produce a thousand eddies in the main stream. 

963. Periodical winds are those which hh#w regularly itt the fame 
direction, at the same seasons of the year, or hour* of the (lay. The 
meat interesting winds of this class are the monsoon*, and the land and 
the sea breezes. 

TM* monsoon* occur within, or near the tropics; they blow from a orrtala 
quarter about one-half of the year, end from an opposite point during the other 
half. The cause of the monsoons is found in the effect produced by the na ie 
67 
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lua mutual program from one tropic to another, successively heating the land on 
sithsr aide of the equator. The eimoon is a periodical wind which biows over 
the deserts of Asia and Africa ; it is noted for its high temperature, and the 
sand which it raises in the atmosphere, and carries along with it. This wind 
from the Great Sahara desert blows over Algeria and Italy, and reaches even 
the north shores of the Mediterranean, where it receives the name of eiroeeo. 

On the coasts and islands within the tropies, and to some extent in temperate 
regions, a sea breeze daily occurs flowing from the sea to the land during the 
day ; as it gradually subsides, it is succeeded by a land breeze , flowing from the 
land to the sea. In some places these breezes are scarcely perceptible beyond 
the there; in others, they extend inland for miles. 

The causes of the laud and sea breezes are very apparent During the day, 
while the sun shines, the laud acquires a higher temperature than the water of the 
surrounding ocean. The air, above the land, becomes heated, and rises. To 
supply the place of that which has risen, air flows in from the sea, constituting 
the eea breesc. But when the sun descends, the land rapidly loses its heat, by 
radiation, while the temperature of the ocean is scarcely changed. In conse- 
quence of this, the air above the land becomes cooled, and therefore more dense, 
and flows towards the water, constituting the land breeze. At the same time, in 
the higher regions of the atmosphere, air flows in from the sea to the land. 

964. Variable winds are those which blow sometimes in one direo- 
tion, sometime* in another. The direction of winds is influenced by 
numerous causes, as the nature and form of the surface of the earth, 
the proximity of large bodies of water, Ac. In these latitudes, the di* 
motion of the prevailing winds is from the north-west to the south-east. 

965. General direction of winds in the higher latitudes. — In 
the table given below, the relative frequency of different winds is 
given. The total number of winds in each country is represented ly 
1000 ; the figures in the table represent their relative frequency. 


FREQUENCY Of DIFFERENT WINDS. 


Countries. 

N. 

N. K. 

*■ i 

8.E. : 

8. 

8. W. 

w. 

N.W. 

England, . . . 

82 

Ill 

99 j 

81 

Ill 

225 

171 

120 

France, . . . 

126 

140 

84 ! 

76 

117 

192 

155 

119 

Germany, . . . 

84 

98 

119 

87 

97 

185 

198 

132 

Denmark, . . . 

63 

98 

100 

129 

92 

198 

161 

j 2 j6 

Sweden, .... 

102 

104 

80 

no 

128 

210 

159 

| 116 

Russia, . . . . j 

90 

191 

81 

130 

98 

143 

166 

i 

North America, . | 

96 

1,6 

49 

108 ■' 

• 123 

197 

101 

! 210 

In these countries 

there 

is a predominance of 

south- 

west winds, with the 


exception of Russia, where the greater proportion are from the north-west. la 
all the northern hemisphere there is a predominance of westerly winds. This is 
shown by the fact that the average length of the voyage from New York to 
LWftipool by packet is but 23 days, while that of the return voyage is 4fi, -la 
Iks ffigh southern latitudes the same thing is observed. Lieut. Maury remarks 
« that at Cape Horn there are three times as many westerly as easterly wind*. 
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966. Phjtlotl propifUM of wind*. —Wind* are hot, odd, dry, 
at moist, according to the direction from which they come, and tha 
kind of surface or er which they pass. 

If they come orer the sea, from lower latitudes, they are warm and 
moist ; if across the land, and from the north, they are cold and dry. 
Oar north-east winds are cold and moist, because they come from the 
north, orer the Atlantic Ocean. South winds are here warm and 
humid ; north winds cold and dry. 

967. Hot wind*. — Over the deserts of Asia and Africa, an intensely 
hot wind occasionally prevails. In 'Arabia, it is called simoon, signi 
fying poisonous : in Kgypt, khamsin, because it blows forty days. In 
the western part of the Great Desert, and in Guinea, it bears the name 
of karmatian. 

Tbs soil of these countries is uniformly covered with s fine reddish sand, 
which becomes prodigiously heated by the sun's rsvs. As the wind passes ovei 
this surface, it become* intensely bested ; the fine particles of sand are raised In 
tha air, giving a reddish or purplish tinge t« the atmosphere; the sky becomes 
obscured, the sun loses its brilliancy, as the winds blow from the desert. The 
barometer falls eery low, plant* dry up, nod evaporation takes place with great 
rapidity from the surface of the skin, giving rise to the greatest suffering. 
Whole caravans have born known to perish, the prey of a consuming thirst, 

966. Hurricanea. or cyclones, are terrific storms, often attended 
by thunder and lighttiiug ; they arc distinguished from every other 
tempest by their extent, their jwiwer, and the sudden changes in their 
direction. From numerous observation*, ** it appear* that hurricanes 
are storm* of wind, which revolve around an axis, upright or inclined 
to the horiton, while, at the same time, the body of the storm ho* a 
progressive motion oven* the surface of the earth. M This law ho* been 
established by RedfieUI and lteid. Their progressive velocity varies 
from ten to thirty or forty mile* per hour ; the rotatory velocity is 
aometime« a* much a* it hundred mile* per hour. The diameter of a 
hurricane i* from a hundred to five hundred mile*, though sometimes, 
a* in the Cuban hurricanes, it is much more. 

Fig. T14 shows the origin, rotation, and genera) course of hurricanes in both 
tha northern and southern hem it*) die res. These terrible storms have never been 
known to sweep across the gquator, although. In one case, similar hurricanes were 
raging at the same time, on both sides of the equator. 

A northern hurricane commcrn-c* with a violent rotary motion, ss shown by 
the arrows at «, in latitude 10 ' or 16° north of the equator, corresponding very 
nearly with the sun's northern declination, and extending over an area of from 
f# to 200 or 300 miles, the rotary motion of tho storm tending inwards towards 
Ha centra. At the same time the general progress of tbe storm if obliquely 
Weataad northward until it reaches the limit of tbe north-east trade winds, whore 
H s wee p s around, taking a north-easterly direction, tha vortex enlarging aa It 
ptnfreesef, spreading *var an area of &00 or 1000 miles, until at last U move* 
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la a nearly easterly direction, and exhausts its three by Ustftoeasive enlarge, 
meat, In latitude 40° or 40° N. 

Southern hurricanes pursue a similar course in 
the southern hemisphere, as shown in the lower 
part of the figure. The circular arrows show the 
rotation of the air in the area of the cyclone, and 
ib* arrows in the parabolic curve, a be, show the 
general course of the moving storm. 

The arrow, NET, shows the region of the 
lorth-cast trade winds, and the parallel of lati- 
tude, LNET, shows their northern limit. The 
arrow, SET, and line, L S E T, alsfi show the 
region and limit of the south-east trades. 

Between the northern and southern hurricane 
regions, is the cone of variable winds, which the 
hurricanes are not known to paas. On either side 
of the cone of variable winds lie the cones of 
expansion, in which hurricanes originate. The 
letters, I> 1), indicate the most dangerous portion 
k of the hurricane track. 

It in now well ascertained that, in both 
hemisphere*, the air in a cyclone or hurri- 
cano rotates in a direction contrary to that 
of the course of the sun. Thun, in the jan.to aps. 
northern hemisphere, the course of the sun is from the east around to 
the south, then to the west and north. And the movement of the air in 



the hurricane is in the opposite direction ; i. from the north, by the 
west, south, and east, or in a direction contrary to the motion of the 
hands of a watch, lying with the face upward. In the southern hemi- 
sphere, the course of the sun is from the east, by north, west, and south, 
and that of the cyclone is from the north, hy east, south, and west, or 
in the direction of the hands of a watch. East .winds are, in both 


hemispheres, characteristic of a commencing hurricane (*. e., an east 
wind is always fuuml on the front of the advancing storm, as shown in 
the figure) ; while, in general, west winds occur only in the latter part 
of the storm, as decreasing winds ; hence, in the northern hemisphere, 
the most dangerous part of a hurricane is in the advancing border of 
the right hand semicircle, or about the line DD; while, in the south- 
ern hemisphere, the dangerous limit, I) D, is \he advancing quadrant 
of the left hand semicircle. 

The effect of the rotary movement of the hurricane is to accumulate 
the air around its outer margin, with a pressure increasing as it recedes 
from the centre ; consequently, the barometer is lowest at the middle 
of a storm, and highest at its extremity. The barometer ceeillatte 
before ard during a hurricane, rising and falling rapidly, owii g to tbs 
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tH-IKj of iho pr «mn which tmem the storm ; that;--f?ma| 
karometric omUaikmt generally announce the approach of a tcmpeeL 

By careful obeervetion of the barometer, the mariner anticipates the 
approach of a hurricane, or other dangerous storm. So, also, by care* 
fui attention to the course of the winds, and the sailing directions* 
based on the researches of Redfield, lteid, and Maury, he knows how 
lo sail out of the track of a hurricane after it has commenced. 

960. Tornadoes or whirlwinda are distinguished from hurricarea* 
chiefly in their extent and continuance. They arc rarely more than a 
few hundred rods in breadth, and their whole track is seldom more 
than twenty-five miles in length. The continuance of tornnd<»e« is but 
a few seconds at any one place. They are oftentimes of groat energy, 
uprooting trees, overturning buildings, and destroying crops. 

970. Water-epoute differ from whirlwinds in no other respect than 
that water, or vapor of water, is subjected to their action, instead of 
bodies upon the surface of the land. 

Water-spout* first appear at au inverted cone, extending downward from a 
lark cloud. As the cone approaches the water, the latter become* ngitntvd, tbs 
spray rise* higher and higher, and finally, both uniting, there is funned a eon* 
Hnnotts column from the cloud to the water, usually hem as in fig. 7K», hut some. 


7\h 



Milica creel. After a little time, the column breaks, arid the phenomena disup* 
pear. As to the origin of water spouts, philosophers are divided. KacmtX, a 
distinguished German meteorologist, assumes that they are dun principally to 
twa opposite winds, which par i side by side, or when a very brisk wind prevails 
ill Ilia higher regions of tbs atmosphere, white it is dear below. Pul tier, and 
other physicists, ascribe water*spoute to an electrical cause. 

Water spouts are, in great part, formed of atmospheric water, as is shown by 
the fact, that the water escaping frem them is not salt, even In the open em. 
67 * 
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If the atmosphere It not moist, there it bo condensation of vapor, and the oalp 
noticeable pbeoomeooo it the violence of the wind and its rotatory motion. 

971. General laws of atorma.— Great storms, in temperate climates, 
are governed by general laws, presenting more or less analogy to tha 
movements of hurricanes. As a general thing, the great storms which 
pass oter North America have no connection with the storms of Europe; 
and the storms of both continents are modified in their course and 
general phenomena by the configuration and elevation of the land. 

Great storms of rain and snow, and also lesser storms, which prevail 
in the United States from Novetnlter to March, are governed by the 
following general laws, which have been condensed from the researches 
jf Professors Espy (Reports to United States Senate), and Loomis 
(Smithsonian Contributions, 1H00). 

1. Storms travel from the region of the Mississippi eastward as fur 
as the Gulf of St. Lawrence, and disappear in the Atlantic Ocean. 

2. They are accompanied w ith a depression of the barometer, often 
^amounting to an inch or more below the mean height, along a line of 

great extent from north to south, the line being curved wdth its convexity 
eastward. In the frqpt and rear of the storm, there is a rise of the 
barometer, which, in some places, is more than an inch above the mean. 

3. Great storms travel from the Mississippi to the Connecticut River 
in twenty-four hours ; and from the Connecticut to Newfoundland in 
nearly the same time, or about thirty-six miles an hour ; though soma- 
times they appear to remain nearly stationary for four or five days. 

4. The area covered by a storm is nearly circular, often of great 
extent ; frequently 1(XX) miles from east to west, and 2000 or 3000 
miles from north to south. 

5. For several hundred miles, on each side of the centre of a violent 
storm, the wind inclines inwards towards the area of least pressure, 
and, At the same time, it circulates around the centre in a direction 
contrary to the motion of the hands of a watch. Compare {968. 

6. On the borders of the storm, near the line of maximum pressure, 
the wind has hut little force, and tends outwards from the line of great* 
est pressure. 

7. The wind uniformly tends from an area of high barometer toward* 
an area of low barometer. 

8. In the northern ports of the United States, the wind generally, In 
great storms, sets in from the north of east, and terminates from the 
north of west ; and in the southern states, the wind generally sets in 
fVom the south of east, and terminates from the south of week 

9. During the passage of storms, the wind generally veers from tbe 
•••iward around by the south, and then towards the west 
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10. In * grant itonn t Um tm of high thermometer frequently do m 
But coincide with the area of low barometer, or with the centre of ram 
end enow. But in the United State*, on the north-east aide of a storm, 
at a distance of 600 mites from the area of rain and snow, the ther- 
mometer sometimes rises as much as twenty degrees store its mean 
height. 

11. In Europe, storms are often modified and controlled by the Alps 
of Switzerland, which apftear, for days together, to serve as the oeutre 
of great storms. 

For the connection of barometric changes with changes of weather, see see* 
tiro 271 ; and for fuller discussions of the theory and laws of storms, see the 
works aireadr referred to above, and also V4G, V<«8. 

1 6. Aqueous Phenomena. 

972. Humidity of the air. — Vapor of water is always contained in 
the air. This may to demonstrated by placing a vessel filled with ice 
or a freezing mixture in the atmosphere; in a little time the vapor 
from the uir will to condensed on the walls of the vessel, in the form 
of minute drops of water. 

Air is sa:d to be sa/M'uW with mois/ars, when it sonUins as much of the 
vapor of water as it is capatde of holding up at a given temperature. That the 
rapacity for moisture is greater as the temperature increases, is shown in the 
following table 

A body ot air can absorb 

At 32^ F , the 1 00th part of its own weight of watery vapor. 

** $ p° »* u goth ** « ** •* 

" ggo « « 40th « « " « 

u ijjo « ** goth •* « *• 

It will be noticed that for every 27° of temperature above 32°, the capacity 
of air for moisture is doubled. From this it follows, that, while the tempera- 
ture of the air advances in an arithmetical series, its capacity for moisture is 
accelerated in a geometrical series. 

Table XXI., Appendix, shows the weight of aqueous vnpor in a cubio 
foot of saturated air. at temperatures from 0° to 10(1° F. 

Absolute humidity, — relative humidity. — The term absolute 
humidity of tl.3 air has reference to the quantity of inoiature contained 
in a gireu volume. Relative humidity refers to the dampness, or iti 
proximity to saturation with aqueous vapor. 

Tfan absolute humidity is greatest in the equinoctial regions, and diminishes 
towards either pole; it diminishes, also, with the altitude, but the true ratio Is 
not fully known. The absolute humidity is also greater on coasts than inland, 
la summer than In winter, and less in the morning than about midday. 

flelstive humidity is dependent upon the mutual influence of absolute humidity 
and temperature. The atmosphere is considered dry when water rapidly evapo* 
rates, or a wet substance quickly dries. Tne expressions wet and dip convey 
simply aa Idea ef tbs relative humidity of the atmosphere, and hare ae refer* 
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•net to (be absolute quantity of moisture present ; for a dump ah is ren d e r ed dip 
by raising its temperature, and a dry air damp, by cooling it 

Near great bodies of water, tbe atmosphere generally contains a greater 
amount of moisture, both absolute and relative, than at inland places, or over 
arid plains and deserts. 

973. Hygrometers are instruments by which the humidity if the 
Atmosphere is determined. They are of various kinds, and may lxt 
classified as follows - chemical hygrometers, absorption hygrometers. 
Condensation hygrometers, and psychrometcrs. 

All hygroscopic substances (viz., those which have an affinity for water) are 
ebamical hygrometers. The amount of moisture in tbe air is determined with 
those substances, by QUing a tube with cblorid of calcium, for example, and 
passing a known volume of air through it ; the increase in weight of the tube, 
after the experiment, indicates the weight of moisture present in tbe air. This 
method yields the best results, but U difficult of execution. 

8a assure 's hygrometer depend* upon the elongation and contrac- 
tion of a hair by increase or diminution of relative humidity ; but such 
* instruments afford no means of accurate comparison. 

DsnielTs hygrometer depends upon the condensation of moisture 
by means of artificial cold. 

It consists of a glass tube, bent twice at right angles, baring a bulb at either 
extremity. The bulb, A, fig. 716, is partly filled with ether, into which Is inserted 
the ball of a delicate thermometer, enclosed in tbe 
stem of tbe instrument. Tbe tube is filled with the 
vapor of ether, the air having been driven out. The 
bulb, D, is covered with fine muslin. Upon the sup- 
porting pillar, a second thermometer is placed. In 
order to determine the dew point, or hygrometrie 
state of the atmosphere, by this instrument, a few 
drops of ether are allowed to fall upou the muslin- 
covered bulb, evaporation of the ether takes place, 
the bulb is cooled, and condenses the ethereal vapor 
within. In consequence of this effect, the ether in 
A evaporates, causing a reduction of temperature, 
indicated by the intei^al thermometer. Ala certain 
point, tbe atmospheric moisture begins to form in a ring of dew upon the bulb 
A. The difference at ibis moment between the degrees indicated by the two 
thermometers, denotes the relative humidity of the atmosphere ; the dryer tbe 
air, the greater is this difference. 

August's peyohrometer or hygrometer of evaporation depends 

for its action upon the rapidity of evaporation in the open air. It con- 
sist* of two similar thermometers, it', placed aide by side, fig. 717, 
supported on a frame. The bulb of tf is covered with fine muslin, the 
lower end of which dips into a small vessel, r, like a bird-glass, con- 
taining water ; by this arrangement, the bulb is kept continually moist. 
Evaporation takes place from the moistened bulb, with a rapidity vary* 
lag with the humidity of the atmosphere, and a corresponding depression 
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Kn the temperature of the thermometer is produced. The hygrometrte 
state of the atmosphere is determined from the observed difference in the 
two thermometers by the use of tables prepared for the purpose. {Meteo- 
rological and Physical Tables, Smithsonian Collection.) 717 

This is a very convenient instrument to determine the 
condition of the air in dwellings heated by different 
methods. Observations with this instrument show how 
much our comfort and health depend upon preserving 
the proper state of humidity or dryness in our dwellings, 
or in the sick-room. 

974. Fogs, or mists, are visible vapors that float in 
the atmosphere, near the surface of the earth. Fogs are 
produced by the union of a body of cool air with one that 
is warmer and humid. Many philosophers, as Snussure 
and KraUenstcin, consider that the globules or vesicles of 
which a fog is composed, are hollow, the water serving only 
as an envelope; it is probable this is true, in some cases; 
there are probably also mixed with the vehicles many mi- 
nute drops containing no free air. According to Kucmtx, 
tbs average diameter of fog globules does not exceed 
riSs an inch. Maille, of Paris, has computed that it 
would require 200,000,(KK) fog globules to make a drop 
of ruin |* 0 of an inch in diameter. 

975. Daw is the moisture of the air condensed bv 
coming in contact with bodies cooler than itself. The temperature 
at which this deposition of moisture commences, is culled the dew 
point (074). The dew point vuries according to the hygrometric state 
of the atmosphere ; being nearer the temperature of the air, the more 
completely the air is saturated w ith moisture. In this climate, in sum- 
mer, the dew point is often 30° or more lx* low' the temperature of the 
atmosphere. In India, it has Wen known to be us much ns OP. 

Cause of dew. — Dr. Wells, of London (born in South Carolina), 
determined, by bis researches, the cause of dew. It may lx* given 
briefly as follows: — During the day, the surface <#f the earth becomes 
heated by the sun, and the air is warmed by it. When the sun goes 
down, the earth continues to radiate heat without receiving any in 
return, and thus its temperature diminishes. The air loses its heat 
more slowly, and is cooled only when it comes in contact with the 
cooler earth. If this cooling reaches the dew point of the air, moisture 
is condensed in the form of small drop* upon cold objects (good radia- 
tors). as tho soil or vegetation. 

Clrosastsaoss influencing the production of dew. — The 
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amount of lew deposited in a given time depends apon the humidity, 
tranquility, and serenity oi the air. Sinee dew is the moisture of the 
atmosphere condensed, it is evident it must be affected by the amount 
the air contains. On a windy night, the air in contact with cold objects 
is so quickly changed, that it is not cooled down to the dew point, but 
gentle agitation of the air favors the production of dew, bringing more 
moist air to furnish dew to cold objects. The most copious deposits of 
dew take place on cool, clear nights. For, when there are clouds, these 
radiate back the heat which has escaped from the earth, and thus pre- 
vent its cooling, and therefore no dew is deposited. If the clouds sepa- 
rate only for a short time, dew is rapidly deposited. 

Straw, mats, boards, Ac., used by gardeners to protect delicate plants 
from freezing, act in the same manner as clouds, to prevent the deposit 
of dew or frost. See Fig. 718. 

97G. Substances upon which dew (alls. — Dew does not fall upon 
all substances alike ; in consequence of differences in radiating ana 
oonducting power, certain substances cool quicker and more perfectly 
than others. The dusty road, the rocks, and barren soil, cool slowly, 
receiving heat from the earth by conduction, and therefore on them but 
little dew falls. Trees, shrubs, grosses, and vegetation of every kind, 
radiate heat easily, and, on account of their peculiar structure, they 
receive but little heat from the earth, or other objects, by conduction ; 
hence they become rapidly cooled, and &bundance*of dew is depositea 
upon them. 

977. Front is frozen dew. When the temperature of the earth sinks 
in the night to the freezing point, the aqueous vapor then deposited 
congeals in the form of sparkling crystals, known as hoarfrost. Fig. 
718, from Stneckhardt, in which the arrows indicate the movements of 

718 



heat, and the numerals the temperature of the air, will render the phe- 
UOmena of dew and frost more intelligible. 

The sun's rays in winter, may, in the day, warm the toil to 53°, at 
m the figure, while the air above the ground is 50°. At night* the nr 
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Station into a cloudless sky, will reduce the temperature of the ground 
to 43° or even 33°, while the air above the same points is 40° or 39°. 
But a cloud resting above the earth prevents radiation, and refloats the 
heat back to the earth. So dew or frost will be deposited on the upper 
surface of a platform when radiation takes place freely, while boards, 
like the cloud, reflect hack the heat coming from the ground. 

978. Clouds are masses of vapor that float in the upper regions of 
•the atmoaphere. They are distinguished from fogs only by their alii* 
tude ; they always result from the partial condensation of the vapors 
that rise from tho earth. As clouds often- float in regions whose tern* 
perature is many degrees below the freezing point, they are sometimes, 
no doubt, composed of frozen particles. 

Cloud* being condensed moisture, are heavier than the air, and have a ten* 
dency to fall to the earth. They are kept suspended in the air, 1. I) y ascending 
currents during the day, the warmer air dissolving tho cloud as fast as it falls 
into it. Such clouds arc morn elevated at midday than in the morning, and 
they descend towards (he earth at evening. 

2 Horizontal currents also oppose the fall of clouds. The minute vesicles or 
globules, wlrrhcvcr they may he, arc carried forward and dissolved by the drier 
air on the advancing side of the cloud, while on the windward side of the cloud, 
vapor is constant ly precipitated. 

3. The resistance of the air oppose* the rapid descent of clouds. This resist* 
Once is in the inverse proportion to the dimensions of tho particles. For this 
reason, considerable time would be required for vapor to descend even a few 
hundred fccL If, as /usny writers suppose, the water of clouds exists in the 
form of minute vestries containing atr, the expansion of tho enclosed air by 
heat would at once account for the buoyancy of clouds; for they would float like 
baWooiiN in air of their own aggregate donsity, and every increase of heat would 
increase their buoyancy. 

079. Classification of clouds, —Clouds tire generally divided into 
four grant clauses, viz.: tho nimbus, the cumulus, tho strains, and tho 
cirrus . ns shown in the diagram, fig. 719. 

Intermediate forms of clouds arc distinguished by tho names of cirro- 
straits, cirro-cumulus, and rumuh-siratus. 

The cirtu* (cirrus, enrf) usually resembles a disheveled lock of hair, being 
composed of streaks or feathery filaments, assuming every variety of figure, 
The cirrus floats at a higher elevation than other clouds, and probably is often 
composed of snow-flakes. It is among the cirri that halos and parhelia ere 
formed. 

The (cumulus, kmp) appears often in the form of e hemisphere, 

resting )n a horizontal base; sometime* in detached masses, gathered In ?ua 
vest cloud, near the horizon. When lighted up by the sun, they present the 
appearance of mountains of snow. The cumulus is the cloud of day; is tbs 
ise days of summer it is most perfect, 

Tba same of cirro*eumulus is given to little rounded cloada. 

The cumuli owe their existence to ascending currents; their height v arias 
igsstly, hut it U always less than that of the cirri. 

The UrstM (stratus, catering) e< nsists of sheets of cloud, or layers of vapor, 
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during the night, and disappear* uboul *unrise. It flout* at a moderate elera- 
lion above the earth. 

The cirm-itratu* partakes of the character of the cirrus and stratus. It is 
remarkable for its length aud thickness. It appears, sometimes, as a long and 
narrow band; at other times, as composed of small rows of clouds or liars of 
vapor. Cumuli, heaped together, pass into the condition of eumulo-itratu*, 
which consists of a horizontal stratum of vapor, from which rise masses of 
cumuli. These often assume, at the horizon, a dark tint, and pass into the 
nimbus state. 

The iim&ki, or rain-cloud (nimbus, storm). This has a characteristic storm- 
like form ; it is distinguished from others by its uniform gray or blackish tint, 
and its edges fringed with light. 

980. Rain is the vapor of clouds, or of the air, precipitated to the 
earth in drops. Rain is generally produced by the rapid union of two 
ov more volumes of humid air, differing considerably in temperature ; 
the several portions, when mingled, being incapable of absorbing the 
same amount of moisture that each would retain if they bad not united. 
If the excess is great, it falls as rain ; if it is of slight amount, it 
appears as cloud. The production of rain is the result of the law, that 
the capacity of air for moisture decreases in a higher ratio thau the 
temperature. 

Rmn-gange *. — Instruments for determining the quantity of rain, are 
Called roiVt/oMjjffs, ombrometer* . hyttomder*, kc , They are of very 
carious construction. 

One of the simplest rain-gauges consists of a cylindrical copper vessel, far- 
alsbsd with a float ; the rain falling into the vessel, the float rises. The stsAi 



METEOROLOGY. 65? 

float is accurately graduated, \o that an increase In the depth ef the water 

af one one-hundredth of an inch, is easily measured. 

Another ratu-gauge, a section of which is represented in fig. 720, consists of 
acylin Irieal copper vessel, M, closed by a cover, B, shaped m 

like a funnel, with an aperture in the centre, through 
which the water passes into the interior. This cover pre- 
vents loss by evaporation. A lateral glass tube, A, care- 
fully graduated, rises from the base of the vessel. The 
Water rises iu the tube to the same height aj in the copper 
cylinder. If the apparatus has beou placed h» au exposed 
Situation, for a certain time, as a month, and the gauge 
•hows three inches of water, this indicates that the rain 
that has fallen during the interval would cover the earth 
to the depth of three inches, if it were not diminished by 
evaporation, or infiltration. 

Prom a scries of experiment* made at the Smithsonian 
Institution, and continued for several years, it is found 
that a small cylindrical gauge, of 2 inches in diameter, and about six inches in 
length, connected with a tube of half the diameter, to retain and measure the 
water, gives the most accurate results. In still weather, it indicates the namg 
amount of water as the larger gauges ; but whon the wind is high, it roceivoi 
more rain; for, on account of its small mo, the force of the eddy which is pro- 
duced, is much less in proportion to the drops of water. This gauge may be 
•till further improved by cutting a hole of the sire of the cylinder, in a circu- 
lar plate of tin. of 4 or 5 inches in diameter, and soldering this to the cylinder 
like the run of an inverted hat, throe or four inches holy* the orifice of the 

981. Distribution of rain. — Kain in not equally distributed over 
the surface «»f the earth. Am a general rule, it may he stated that, the 
higher the average temperature of a country, the greater will be the 
amount of rain that falls jipon it. Local cuiihcm, however, produce 
remarkable departures from thin rule. 

Id the tropics, the average yearly rain fall is ninety-five inches ; in th« tempe- 
rate none It is thirty five inches. Within the tropic*, the greatest quantity of 
rain falls when the sun is at its xonith, that is, in flic season corresponding to 
our summer. North of the tropics it rains mom abundantly in winter. 

In certain regions them is a periodical season, when rain is very abundant 
for six months, called the rainy season, toiring the remainder of the year, 
railed the dry season, it seldom rain* 

Many regions am destitute of rain In Egypt, it scarcely ever rains* 
Along the const of Peru, is a long strip of land upon which no ram ever 
descends. A simitar destitution of rain occurs on the coast of Africa, and 
•erne parts of North America; the intervals between the showers being six or 
•even years. 

In Guiana it rains during a great part of the year; this is also the ease, 
aeeoniing to Davison, at the Btraiu of Magellan. In the Island of Chlloe (8. 
let. 43° )♦ there is a proverbial saying, tba it rains six days of tbo week, and is 
cloudy on tbe seventh. 

982. Dmym of rain. — The rainy days are morn numerous in high 
* than in low latitudes, as is seen in tbe following table, although the 
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annual amount of rain which falls is smaller. Consequently, the crdi 
nary rains of the tropical regions are more powerful than those of the 
temperate regions. 


If, lntttudc. 

Mesa sauna! number of rainy days. 

From 12° to 48° 

78 

** 48° “ 46° 

103 

u ggo « 50° 

134 

" 50° " 60° 

161 


In the northern part of the United States there are. on the average 
about 134 rainy days in the year ; in the southern part, about 103. 

983. Annual depth of rain. — The greatest annual depth of rain 
oeours at San Luis. Maranham, 280 inches ; the next in order are Vera 
Crus, 278 ; Grenada, 126 ; Cape Francois, 120 ; Calcutta, 81 ; Rome, 
39; London, 25 ; Uttenberg, 12*5. In our country, the annual average 
fall is 39*23 inches ; at Hanover, N. II., 38 ; New York State, 36 ; Ohio, 

42 ; Missouri, 38*265. 

§ 

984. Bnow is the frozen moisture that descends from the atmosphere, 
when the temperature of the air at the surface of the earth is near, or 
below, the freezing point. The largest flakes of snow* are produced 
when the atmosphere is loaded with moisture, and the tempernture of 
the air is about 32° ; os the cold increases, the flakes become smaller. 

The bulk of recently fallen snow is ten or twelve times greater than that of the 
water obtained from it. Snow flakes are crystals of various forms. Scoresby has 
enumerated six hundred forms, and figured 721 

ninety-six. Kaemtt has met with at least I 
twenty forms not figured by Scoresby Crys- 
tals of snow are not solid, else they would t>e j 
transparent as ice; they contain air. It is 
to the reflection of light front the assem- 
blage of crystals, that its brilliant whiteness 
Is doe. Snow crystals are produced with 

most regularity during calm weather, without 

fog. Fig. 721 represents a few of the beautiful forms assumed by snow crystals. 

985. Colored snow is mentioned by Pliny. It occurs under two 
very different circumstances,— cither while the snow is falling, or some 
time after its descent. 

In 1808, rose-colored snow fell in the Tyrol and in Cnrinthta. Its color was 
•wing tc an earthy powder, composed of iron, silex, and alumina. Of a similar 
somposition was a red snow that fell on the mountain of Toual. in Italy, in 
1818. These facts prove conclusively that, at times, snow tinged with mineral 
Ingredients, falls upon the earth. That the eotor is sometimes (and genemlty) 
produced by the presence of minute organisms, is # no leas conclusively demon- 
strated. Captain Ross, in 1919, discovered a crimson snow clothing the sides 
if the moon tains at Baffin's Bay. It has been observed on the Pyr4o4cs, Aips, 
and Apennines; In Scotland, Sweden, Norway, Ac. Certain French meteorolo- 
gist*, at Spitsbergen, In 1838, passed over a fleld covered with snow, whkh 
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appeared of * g r e en boo, whenever preseed upon by the foot Agassis regard# , 
three colors m animal products, believing them to be the ova of a rotifbroui ■ 
animalcule. The more common belief is, that (generally, at least) these hue! 
are owing to the presence of a certain class of microscopic plants, the dlfltapsnt 
colors representing different stages of development Martini gives, perhaps, 
the correct explanation : that this product is a vegetable cell, enclosing fluid, in 
which multitudes of infhsoria find a nidus and support 

986. Bail is the moisture of the air frozen into globules of ioe. 
Hail-stones are generally pear-shaped ; they are formed of alternate 
layers of iee and snow, around a white, snowy nucleus. It is necessary 
fbr the production of hail, that a warm, humid body of air, mingle 
with another so extremely cold, that after uniting, the temperature 
•hall bp below the freezing point The difficulty of explaining the 
phenomena of hail-storms, consists in accounting for this great degree 
of cold. 

Hail-storm* are most frequent in temperate climates. They rarely occur in 
the tropics, except near high mountain*, whose nununit* are above the §now- rf 
Hoc. It Is in great part during the summer, srM in the hottest part of the day, 
that hail falls. Hail storms rarely occur at night Hail. stones are often of 

considerable site; the largest are frequently an aggregation of several froten 
together. Sleet is frosen rain ; it occurs only in cold weather ; it falls only 
during galea, and when the weather is variable. 

| 4. Electrical Phenomena. 

987. Free eleotricity of air. — The general laws of atmospheric 
electricity have been considered in it previous paragraph (801). 

It is common to refer the free atmospheric electricity to several 
causes, always at work on the earth's surface, as, 1. Kvuporntion, 
especially of impure water; 2. Condensation; 3. Vegetation (*345), 

4. Combustion; and, 5. Friction ; without doubt these are nil causes 
of electrical excitement in the air. Hut far more important than thorn 
all is the powerful inductive influence of the wgatirdy excited earth 
upon its gaseous envelope. The dense air near the earth's surface 
is like the dielectric of the ,/Rpinus condenser, ami the constant pre 
fence of potttitt electricity in the air is a fact not explicable on any 
other hypothesis than that of induction from the negative earth. 

In addition to the laws already announced In | 861, may be added 
the fact that atmospheric electricity Is more abundant in summer than 
in winter. 

988. Than dor-storms are most frequent and violent In the equato- 
rial regions. They decrease in frequency towards either pole, and are 
more frequent in the summer than in the winter months, and after mid- 
day than in the morning. They are produced in the same manner as 
ordinary storms; but they differ from them in their local character/ 
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in the rapidity and extent of tbe condensation oPthe atmospheric vapoi 
and in tbe accumulation of electricity. 

Thunder-storms are usually attended by an alteration in the direction of th 
wind. Of one hundred and sixteen thunder-storms recorded in the Meteorolo 
fical Register of the Connecticut Academy, ninety-nine were either preeeded e 
followed by an alteration in the direction of the wind. 

Thunder-storms generally prevail in the lower regions of the atmo 
sphere. They are, however, not unfrequently observed at great eleva 
tions. Kaemtx notices one on the mountains of Switzerland whiol 
rose to the height of more than 10.000 feet. 

The geographical distribution of thunder-storms has been latelj 
discussed by Prof. liooinis (Am. Jour. Sci. [2] XXX. 94), whose result! 
confirm the general statement already made with reference to latitude 
thus : — 


Between latitude 
« •« 

U II 

« ii 

Beyond 11 


0° and latitude 30° 


r 5i-« 

30 “ 

50 

The average number 

19-9 

50 “ « 

00 

of thumler-storufs • 

14-9 

00 “ * “ 

70 

annually is 

4 - 

70 
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Maury’s storm and rain charts, however, show that the frequency 
of lightning depends on other circumstances than simply latitude, sinct 
throughout the western half of the Atlantic Ocean lightning is thret 
times as frequent us over the eastern half of that ocean, and two and i 
half times as frequent in the North Atlantic as in the South Atlantic. 

The origin of thunder-clouds appears, by both theory and obser. 
vntion to be duo, in this country, to the rushing up of the lighter ail 
to restore the normal equilibrium of the atmosphere, which had been 
disturbed or rendered unstable by tbe gradual introduction, next tc 
the ground, of a stratum of warm and moist air. The upper end of 
such an ascending column of air, on the principle of Peltier (861 )< 
must be negatively electrised, as its lower end receives positive induc- 
tion from the negative earth. As, by the principles established bj 
E*py. the excess of watery vapor in Buch*a cloud will be precipitated 
at it rises, it follows, that tbe ascending column becomes a conduc- 
tor, and a series of electrical discharges will take place between thi 
upper and lower parts of tbe cloud. The hour-glass form, which thi 
aeronaut Wise asserts is the shape of a thunder-cloud, when seen from 
one side, in a balloon, confirms this view. (Consult Professor Henry 9 ! 
paper on Meteorology, in tbe Report of the Patent Office for 1866, 
Agriculture . ) 

989. Thunder. — As lightning passes through the air with am axing 
velocity, it violently displaces it, leaving void a space into which the ah 
* vsiahes with a loud report ; this is tkunder. 
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The rolling of thunder ^generally ueriWl to tho reverberatit n of the sound 
from clouds and adjacent mountains. It is also considered that os tho lightning 
4§rte to a great distance with immense velocity, thunder must ho produced at 
every point along its course, and the sounds not reaching the cur at tho same 
time that elapses between lightning and its thunder, we arc enabled to calculate 
tho distance of the former. According to Mr. Earnshaw, the sound of a thunder 
clap is propagated with much greater velocity than ordinary sounds. See 
Appendix, p. 668. 

990. Lightning. — It has already been stated, that air subjected to 
oomprenflion omits a spark. The production of lightning is by noma 
attributed to the energetic condensation of tho atmosphere before the 
electric fluid, in its rapid progress from point to point. When lightning 
is emitted near the earth, the flashes are of a brilliant white color ; when 
the Ntorm is higher, and therefore in a rarefied atmosphere, their color 
approaches to violet. Clouds appear to collect and retain electricity. 
When a cloud overcharged with electricity approaches another le«s 
charged, the electric fluid rushes from the former to the latter. In the 
same manner the electric fluid may pasN frrtm the clouds to the earth. 
In such cases, elevated objects, as trees, high buildings, church steeples, 
Ac., often govern, its direction. It is unnecessary to dwell upon the 
powerful and destructive effects of lightning. 

991. Claaaes of lightning. — Lightning has been divided by Arago 
into three classes, vis.: *»g*ag or chain lightning, sheet lightning, and „ 
hall lightning. We may add heat lightning and volcanic lightning. This 
classification is convenient, and is universally adopted. 

Bigsag or chain lightning is supposed to ow« its form to tho resistance 
of tho air compressed before it. Tho lightning takes the path of least resist- 
ance; then moves forward until it meets with a liko opposition, and so continues 
glancing from side to side until it meets tho object it seeks. Sometimes the 
flashes divide into two, and sometimes into three branches ; it is then called 
forked lightning. 

Sheet lightning appears during a storm as a diffuse glow of light illumi- 
nating the borders of the clouds, and occasionally breaking out from the central 
part. 

Heat lightning as it if called, appears often in serene wt.ather during 
ssmmer, near the borison ; it is generally, if not always, unattended with 
thunder; heat lightning is the reflection in the atmosphere of lightning very 
remote, or not distinctly visible, by many, this phenomenon is supposed to be 
occasioned by the feeble play of electricity when the air is rarefied, and the 
pressure npon the clouds is so much diminished that the dcctrio fluid cannot 
accumulate npon their surface beyond a certain point, and escapes in noiseless 
flashes to the earth. 

Ball lightning appears in the form of globular masses, sometimes remain- 
lag stationary, often moving slowly, and which in a little time explode with great 
violence. This form of lightning is of very rare oeonrreoee, and philosophers 
Ease aot as yet been able to account for it, 

6b* 
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▼oloanlo lightning. — The clouds of dust, «hti, ul Taper, *M kmm 
from Mklve foleiooM, ore often the iceoe of terrific lightning end thunder. 
Volcanic lightning is probably ceased by rapid condensation of the rest Tolnme| 
of heated vapor thrown into the air. 

The rapidity of lightning of the first two classes is .probably not less 
than two hundred and fifty thousand miles per second. Arago has 
demonstrated that the duration of a flash of lightning does not exceed 
the millionth part of a second. The waving trees illuminated at night 
by a single flash of lightning during a storm appear (nationless; the 
duration of the flash is so short, that, during its continuance, the trees 
have not sensibly moved. 

992. Return stroke. — When a highly charged thunder-cloud ap- 
proaches the earth, it induces the opposite kind of electricity upon tho 
ground below, and. repels that of the same kind. If the cloud is 
extended, and comes within striking distance of the earth, or of 
another cloud, a flash at one extremity is often followed by a flash 
at the other. This latter is called the return stroke, and sometimes 
is of such violence as to prove fatal, even at a distance of several mires 
from the point of the first discharge. 

993. Lightning-rods were first introduced by Dr. Franklin. He 
was induced to recommend their adoption as a means of protection to 
buildings, from the effects of lightning, by observing that electricity 
could be quietly and gradually withdrawn from an excited surface by 
means of a good conductor, pointed at its extremity (826). 

Lightning -reds am ordinarily made of wrought iron ; but copper is prefera- 
ble, being a better conductor of electricity, end less easily corroded. The site 
of the rod, if of iron, should not be less than three-quarter inch in diameter. 
The upper extremity of the rod should be pointed. Three points is the usual 
number used in the United States, but one is sufficient. The points should be 
Upped with silver, gold, or platiqum, or copper gilded by electricity; these 
metals being unaffected by the air, which would corrodo the copper or iron, and 
render them poorer conductors. The rod should be continuous from top to 
bottom, and securely listened to the building. Qlass or wooden insulators am 
often recommended, but when once wet by a shower, there is but little ad vantage 
ip them over metallic supports. When them are surfaces of metal about the 
building, as gutters, pipes, Ac., these should be connected with the conductor by 
•trips of metal, as first moommended by Prof. Henry. The lower part of Mta 
rod, whom it enters the ground, should be divided into two or three breaches, 
and bent away from the building, penetrating so far below the surface of tba 
earth as to reach water, or permanently moist soil. Charcoal is recommended 
to fill the hole in the centre as a means of effecting a 1 etter conduction. In a 
church, in New Haven, the lightning haa^twice penetrated a twenty Inch brick 
wall at a point opposite a gas-pipe, 20 feet above the earth, through wbiob tho 
discharge has escaped to the earth, although the **>nduelor of three-quarter lack 
iron w^s well mounted, but Its connection with the earth was less perfect Hums 
that of the gas-pipe. 
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ProttotlTe powef. — According to Mr. Charley a lightning-rod pro* 
toots a space around it, whose radius is equal to twice its height above 
the 'building. Thus, if a conductor extend ten feet above the house, it 
affords protection to a circular space forty feet in diameter, the rod 
taing in the centre. 

Condnotora do not attract the lightning toward the building upon which the/ 
are placed. They simply direct the course and facilitate the passage of the 
eleetrioity to the earth, which otherwise might have been effected in a powerful 
and destructive discharge through the buildiug. It is indeed considered by 
Arago, that u lightning-rods not only render strokes of lightning inoffensive, 
but considerably diminish the chance of their being struck st all." 

994. Aurora boroaiia. — Under this name are comprised the luminous 
phenomena seen frequently in the northern sky; and also, although 
more rarely, in the neighborhood of the south pole ; they are then called 
aurora australis. They present, when in full display, a spectacle of 
surpassing splendor and beauty. The cause of the aurora borealis is yet 
involved in obscurity. Although it is, evidently, intimately connected 
with terrestrial magnetic electricity, it is impossible at present to say 
exactly what this connection is. It has been ascribed to the passage 
of electrical currents through the uppor regions of the atmosphere, the 
different oolors being manifested by the passage of the electricity 
through air of different densities. 

Appearance of auroras. — Before the aurora appeals, the sky in the 
northern hemisphere usually assumes a darkish hue, which gradually 
deepens, until a circular segment of greater or less siso is formed. This 
dark segment is bounded by a luminous arc, of a brilliant white color, 
approaching to blue. 

The lower edge of this ere is clearly defined ; Its upper edge gradually blonds 
with the sky. When this luminous arc is formed, it frequently remains visible 
for many hours, but it is always in motion. It rises, falls, and breaks la 
various places. Clouds of light are suddenly disengaged, separating into rays, 
which stream upwards like tongues of fire, moving backward* and forwards. 
When the luminous rays are numerous, and their palpitating lights pass to tho 
seoith, they form a brilliant mass of light, called the corona or crown, whose 
centre is the point towards which the dipping needle at the place is directed. 
The aurora is then seen in its greatest splendor ; the sky resembles a fiery d:ma, 
eupported by waving columns of different colors. When the rays are darted 
lees visibly, the aurora soon disappears, the lights momentarily increase, then 
diminish, and finally disappear. It is asserted that sounds, like the rustling of 
eilfc, often accompany the display of auroras, hut this is extremely problemati- 
cal ; the most celebrated polar navigators never heard any noise# which they 
•weld certainly ascribe to the auroras. „ 

995. Remrkibli auroras. — The aurora ie not a local phenomenon ; 
si 2s often seen simultaneously in places far apart, as in Knropo and 

America. 
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*n 1796, a beautiful aurora was observed simultaneously in Pennsylvania and 
F*anoe. The aurora of January 7tb, 1831, was observed in all central and 
t ’‘fthern Europe, and at Lake Sria The aurora of November 17tb, 1646, Is SM 

m 



Auroral display, asm at Boastkop, 70° N n ltSft-t. 


of the moat remarkable previously recorded. It was scon from Odessa, on the 
Jiiftck Sea, lat 48° 35', loug. 30° 35' K. to Sun Francisco (California), 38° N. lat , 
122° \V. long., and as far south as Cuba. It sooius everywhere to bare bad a 
prevailing rod hue, mistaken in many places for a conflagration. (Am. Jour. 
Sci. [2] VII. 203.) 

More remarkable than all, however, was the aurora of August 28th to Sep- 
lumber 4th, 1858, for the great extent of territory over which it was seen, for its 
long duration, and for the brilliancy of its colors, the intensity of its illumination, 
and the rapidity of its changes. It was equally remarkable for the accompany- 
ing magnetic disturbances, recorded not only by the usual magnetic instruments, 
but over the whole system of telegraph wires both in America and Europe. 
This aurora was seea a* far west as the Sandwich Islands, lat. 20 3 , long. 157° 
W., and east as far as Barnaul, Russia, long. 83° 27' E , a circuit of 240° about 
the earth. The observations seem to justify the inference that it was as vivid 
in the sou tli cm as in the northern hemisphere. It was seen off Cape Uorn and 
In Australia, in the southern hemisphere, up to Concepcion, Chili (lat. 36° 46 f £.), 
and from about lat. 60° N., in North America, to San Salvador in 13° 18* If. 
For full details of this aurora, see Am. Jour. Sci. [2] Vols. XXVIII.. XXIX., 
and XXX. 

996. Haight of auroras. — Many astronomers have endeavored to 
determine the height of auroras, bat the results of their caUralatKMM 
are not certain. Earlier philosophers computed their altitude at aetera) 
hundred miles ; a lower limit is assigned by later observers. A bril- 
liant auroral arch was observed in the Northern and Middle Statea 
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April 7th, 1847; from tuo observations made at Hartford and New 
llaveo, Conn., its height was computed by Mr. £. C. Herrick, of the 
latter place, to be nearly one hundred and ten miles. Another, seen 
April 28th, 1859, is by the same observer estimated approximately at 
much over 100 miles in height. (Am. Jour. Sei. [2] XXVII I. 154.) 

Prof. Ltynnis calculates the height of the base of the auroral curtain, 
August 28th, 1849, as about forty miles, but the samo observer est> 
mates the height of the belts of this aurora in other places as over one 
hundred and fifty miles. 

Frequency of auroras. — Auroras are perhaps- rather more fre- 
quently seen in winter than in summer ; but this circumstance does 
not indicate that during the former season there are actually a greater 
number, for the increased length of night would render a greater num- 
ber visible, even if they were equally distributed throughout the year. 
During the summer of 1800, auroras have been uncommonly frequent 
in the N. United States. About the period of the equinoxes they appeal 
to be more frequent than at other times. * * 

In addition to the annual period, there appears to be another, a secular period, 
•standing through a number of years. One of these periods was comprised be- 
tween 1717 and 1790; its maximum was obtaiued iu 1762. Au increase in the 
frequency of auroras begau again in 1820. Prof. Olmsted, in an important paper 
on this subject, in the Coni rib. of Smithson. Inst., vid. 8, selects one of these 
secular periods between August 27th, 1827, and November, 18*18, or a little later. 
The number of auroras, observed for a period of about sixteen years, at Now 
Heven, by Mr. K. C. llerrick, is given in the following table: — 

AVRORAS OBSERVED AT NEW 1IAVEN DURING SIXTEEN YEARS. 

N utuber of auroras. N umber of auroras.*! 


April 1857 to April 

1838, 

42 

April 1845 to April 

18 4ft, 

21 

M 

1838 « 

44 

1830, 

34 

44 

1846 *• 

** 

1847, 

25 

44 

1830 “ 

44 

1810, 

43 

44 

1847 “ 

** 

184M, 

30 

*• 

1840 « 

44 

1841, 

48 

44 

1848 « 

a 

1810, 

42 

14 

1841 " 

44 

1842, 

20 

44 

1849 " 

** 

1850, 

18 

44 

1842 « 

44 

1813, 

9 

44 

1850 « 

March 1K5I, 

15 

44 

1843 « 

44 

1844, 

7 

Oct 185! “ 

Oct. 

1852, 

33 

44 

1844 “ 

44 

1845, 

10 

44 

1852 “ 

44 

1853, 

24 


997. Geographical distribution of auroras. — Prof. Loomis ban 
lately (Am. Jour. Sci. [2], XXX., 89) published a chart showing the 
distribution of auroras in the northern hemisphere. He shows from a 
tabular comparison of record fd observations, that near the parallel of 
40° N. t on the meridian of Washington, there are only 10 auroras 
annually ; nearly 42° N., the average is 20 annually ; near 45 ° it is 

a g«« a paper >n Basham's Observations (Am. J«mr. Sei. [tj, XXXIII., 501 ), 
•hewing that Use A. B. Le oe abundant in summer as in winter* 
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40 ; and near the parallel of 50° it is 80 * Between this and 

the parallel of 62°, auroras i pre seen almost every night, appearing 
high in the heavens, and as often to the south as to the north. Above 
62 ° they are seldom seen, except in the south, and from this point they 
diminish in frequency and brilliancy as we advance towards the pola. 
On the meridian of St. Petersburg a similar comparison gives a like 
result, except that the auroral region is situated further north than it 
is in America, the zone of SO auroras annually being from 66° to 75° N. 

Prof. Lootnis’s chart ( loc . cit.) shows that the region of greatest auroral 
activity is an elliptical belt, having one focus near the north pole, and 
the other near the pole of magnetism, and whose major axis crosses the 
meridian of Washington, near lat. 56°, and the meridian of St. Peters- 
burg h, in lat. 71°. Accordingly, auroras are more frequent in the 
United States than in the same latitudes of Europe. Thus, on the line 
of 50°, we find in North America 40 auroras annually, but in Europe 
less than 10 on the same parallel. 

998; Magnetic disturbances during auroral displays. — During 
the prevalence of auroras, all the magnetic elements show great die 
turbance, simultaneously, at the most distant stations. This statement 
is confirmed by comparing the observations at Toronto, Canada West, 
l*t. 43° 59' 30" N„ long. 79° 21' tfO" W., with those at St. Peteraburgh. 
Russia, lAt. 59° 56 / 30" N., Ion. 30° 19' E., on the 2d and 3d of Sep 
tember, 1859, during the great aurora already described, when, os 
several occasions, the magnets in the several instruments oscillated 
completely beyond their scales— equal to a total defleetion of over 54‘ 
of arc. (Am* Jour. Sci. [2], XXVIII., 390, and XXX., 80.) 

The magnetic oscillations sympathize with the auroral streamers ; 
when the arc is quiet, the needle restB. During the grand aurora of 
November 14, 1837. the rqnge of oscillation, as observed at New Haves 
by Messrs. Herrick and Haile, was 6°. 

999. Sffect of tile aurora on telegraphic wires. — This phenome 
non, already alluded to (994), is entirely distinct from the inductioi 
of static electricity during thunder-storms from the atmosphere (860) 
During the aurora of August-September, 1859, several of the telegraphs 
lines in the United States were worked, for hours together, entirely bj 
the magnetic current induced from the aurora, the batteries bein| 
detached. Chemical decompositions, and powerful heating and lnmi 
nous effects, have been often oi served from the currents induced durinj 
auroral disturbances. These facts were first notieed by Mr. O. B 
Prescott. at New Haven, in 1847. In Europe, during the great auron 
Of 1859, the same disturbances of the telegraphic lines were o b ser ve r 
as in this country. 
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While all the line# were more or lew affected, whatever their iiww* 
tion, it appears that the disturbance* were more marked on the north 
and south going lines, than ou thoso going east and went; and in 
Tuscan jr, Prof. Matteucci observed, that where there were sexeral par 
allel lines, one above the other, the upper wires were most affected, 
and those nearest the earth, least ; and that the induotivo effects were 
stronger on the longest line*. 

1000. Reversal of polarity In the auroral ourrent. — Mr. Premsotl 
irst determined, by observation on the aurora of July 10, 1852, that 
the auroral current invariably change* it* polarity with ©very wave. 
First, a positive current, prdHucing, on lluiu’s system, a deep blue 
mark, light at first, and Then stronger, until, having attained the inten- 
sity of at least 200 Grove’s cups, it subsided, and was followed by a 
current of reverse polarity, which bleached instead of coloring the 
paper. Sometime* a flame of fire followed the steel stylus, and burned 
through a dosen thicknesses of the prepared paper. Free or atmo- 
spheric electricity, when it is induced on the telegraph wires, produces 
no color on the paper. (Am. Jour. Sci. [2], XXIX., 02 and 501.) 


Problems on Electricity. 

243 Oomp*r« the fore© of electric! ty on two similar hulls, of which on© repels 
the Doodle of the torsion electrometer 46° and the other 100°. 

244. Th© extreme plates of a voltaic battery, being placed in contact, there 
was no exterior resistance, and the electro motive force manifested by th© ©vo- 
lution of hydrogen was reckoned as unity, or, K «*» l, r «ss 1, $ HH1, A pair 
of electrode© having then been united to the poles, and the hath arranged for 
electrotyping, the gas evolved was found to he only one- twentieth a# much a© 
before. Calculate the relative value of r and A, and also the intensity of the 
battery. 

246. In the ease of a Voltaic battery, so contracted that, when in us©, the 
exterior resistance A is ©quel to nineteen times the resistance of the battery r, 
wbat would be the effect of doubling, trebling, and quadrupling the dimensions 
©f all the plates in the battery 7 

246. With the ©am© conditions a© in th© preceding case, L mm 19r, how would 
the intensity of the current b© changed by doubling th© number of couple* la 
the battery ? 

247. In a battery in whieb A » r, or th© external resistance I© equal to tbs 
tee is lance or the battery, bow will the intensity vary by doubling tbo number 
of couples of tb© same dimensions in the battery f 

248. When A =» 4r, wbat advantage would be gained by uniting two similar 
batteries in a ©ingle series t 

248. If in the use of a Voltaic battery of 100 pairs of plates, arranged In a 
striae, the exterior resistance, A, is found to bo six lime© tbo resistance of tbt 
battery, r. wbat change of intensity will be produced by so uniting tbo couples 
ns to form only four groups, each having twenty* A ve times tbo previous extant 
af surflaoef 
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Not* to \ 309.— Uniform musical pitch. — A general eon greet, called 
together by the Society of Arte, at London, Jane 8, 1860, of masicuuie, ama- 
tear*, end otter* inter©* tod in music, here accepted the report of a committee 
appointed in 1850, to consider the subject of uniform musical pitch. This corn* 
mittee recommend a pitch of 528 full vibrations for C' am 440 for A, basing their 
calculations on 33 single vibrations of an organ pipe 32 feet high, in plaee of 32 
vibrations, tbe actual number. The following is the scale at this pitch— -the 
only one yet proposed which gives all the sounds in whole numbers:— 

C D B P ft A B C' 

264 297 330 352 39? 440 # 495 528 

This pitch is but 16 vibrations per second higher than the normal Diapason 
O' am 512, or *' Stuttgard pitch,*' and 18 vibrations lower than tbe present pitch 
of 546. It is therefore nearly half way between the two, being a quarter ton* 
above one, and the same quantity below tbe other. 

The commission recently appointed to report on tbe pitch in Franoe 
advised tbe following scale : — 

C D E F ft A B C' 

261 iii 3?6i 348 39U 435 4891 522 

The following is a list of the several pitches considered in this report: — 
Hander* Tuning Fork (C. 1740) A at 416 = C at 499 £ 

Theoretical Pitch * A 11 426 j =* C « 612 

Philharmonic Society (1812-42) A “ 433 = V “ 518f 

Diapason Normal (Paris, 1859) A “ 436 = C “ 522 

Stuttgard Congress (1834) A u 440 = C “ 528 

Italian Opera, London (1859) A « 455 « C " 646 

(Journal of the Society of Arte, June 8, 1866.) 

Nor* to { 343. — The velocity of *11 sound* not the same.— Rev* 
B. 8. Btmshaw, of Sheffield, England, lately briugi* good evidence, both mathe- 
matical and physical, to show that thu accepted views stated in £ 343 are correct 
only for souuds having u<> very great difference of intensity Every note in musie 
may be formed by two kinds of vibrations of the same rapidity, but differing in 
wave>length and velocity of transmission. Only one variety of these waves is 
supposed in general to be sensible by human ears. The velocity of sounds of 
all kinds is a certain Junction depending upon the rapidity and length of vibra- 
tion. In tbe case of Violent thunder the numerical value of this function becomes 
much greater than for ordinary sounds. These and other remarkable conclu- 
sions are sustained by mathematical reasoning. The author of tnc memoirs also 
sites evidence to show that the crash of violent 4bunder-rl»ps has been often 
heard almost simultaneously with the flash of lightning, although the stroke 
fell several miles distant. (Loudon, Edinburgh, and Ihtbliu Phil, Mag,, June, 
July, Sept. 1860.) 

Nor* to $ 392.— Sound* produced by insects.— Burmcister has show* 
that the ususl opinion of naturalists (expressed in $ 392) is erroneous, and that Iks 
•ounds produced by insects are formed by the expansion and eontnuruou u. .- 
air tabes, the sound being formed by the passage of air throngh the orifice* f-* 
the tabes, which net like a whistle. ( Taylor* e ScieutfU Memoir*, VoL L, p. tft ) 
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TABLE I. 

H1A8UBB8 A ND WEIGHTS. 

XNGI.ISD XXASUXXS. 

Measures of Length . 

Th* inch is the smallest lineal integer now used. For mechanical 
purposes it is divided either duodecimal)/ or b/ continual bisection ; hut 
for scientific purposes it is most convenient to divide it decimal)/. The 
larger units are thus related to it : — 


MUs. rurlonga. Chain*. Rod*. Fathom*. 

Yard*. 

F**t. 

link*. 

Inch**. 

1 m 8 s 80 = 820 = 880 

as 1760 as 

6280 rr 

8000 as 

68860 

las 10 =S 40 = 110 

as 220 as 

COO ns 

1000 = 

7920 

lrrt 4 = 11 

as 22 = 

GC B 

100 s 

792 

1 * 2*76 

= 6-6 = 

165 = 

25 as 

198 

1 

s 2 ae 

6 ns 

OjV =s 

72 


1 as 

8 B 

4A = 

80 



1 SB 

1 II « 

12 

000125*= *001 = -01 = *04 =s ' 

Has -22 — 

0 00 = 

1 sn 

7 991 


Measures of Surface. 

Iqatn Chain*. 8qur» Tarda. iqosva Fast 

t» 10 s* 4840 «= 48,660 

or 2 6 as 2210 =rr 10,866 

1 *n 484 ® 4,866 

1 * 9 

Measures of Volume* 

Onbft* Yard. OnhiaVaaC Coble late. 

1 — 27 _ 46,666 

1 * 1,7J8 



( 6 691 



570 


APPENDIX. 


Imperial Meaner*. 

The Imperial Standard Gallon contains ten pounds avoirdupc is weight 
>f distilled water, weighed in air at 62° Fahr. and SO in. Barom., or 12 
pounds, 1 ounce, 16 pennyweights, and 16 grains Troy, =* 70,000 grains’ 
freight of distilled water. A cubic inch of distilled water weighs 
252*458 grains, and the imperial gallon contains 277*274 cubic inohes. 


Distilled Water.. 

Grains. Avoir, lb. Cable Inrhe* Pint Qamrt Gall* Pack* Boat fe - 
8,760 as 1 26 = 84 669*: 1 

17,600 = 26 = 69*318 = 2= 1 

70,000= 10 = 277*274 = 8 = 4 = 1 

140,000= 20 = 664 648 = 36= 8 = 2= 1 

660,000= 80 = 2,218 192= 64 = 82= 8= 4 = 1 


4,480,000 = 640 = 17,746 636 = 612 = 266 = 64 = 32 = 8 = 1 


Apothecaries' Measure . 

The gallon of the former wine measure and of the present Apotheca* 
pies’ measure contains 58,333*31 grains’ weight of distillod water, or 
231 cubic inches, the ratio to the imperial gallon being nearly as 5 to 6; 
>r as 0*8331 to 1. 


Gallc* 

Pint* 

Ounce* 

Drachm*. 

Minim* 

Gr. of Diet Wat Cnb. Inch. 

1 = 

8 = 

128 ss 

1024 = 

61,440 = 

68,333 81 = 

231 


1 = 

16 = 

128 = 

7,680 = 

7,291 66 = 

28*8 



1 1 = 

8 = 

480 = 

466.72 = 

1*8 




3 1 — 

60 = 

66*96 » 

02 




KHGL1SH wucnTS. 






Avoirdupoii 

r Weight. 



fMti 


Oaaca* 

Drachm* 

Grain* 


1 

mm 

16 

= 

266 

= 7000 




1 

« 

16 

= 4376 



1 = 27*84876 

Apothecaries' l~oy Weight. 

fmi. Ones rrarhma. Scrap to. Grain* 

1 » 12 = 96 = 288 — 6760 

1 ^ 8 * 24 • 480 

1 » 8 = 60 

1 — 20 
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ntlHCH MEASURES. 


1 Kilometre = 
1 Hectometre s» 
1 Decametre *= 
1 Metre ass 

1 Kilometre = 
l Metre = 


Measures of Length . 


1000 Metres. 
100 “ 

10 “ 

1 “ 

0 6214 Mile. 
8 2800 Feet. 


1 Metro 
1 Decimetre 
1 Centimetre 
1 Millimetre 

1 Centimetre 

2 580004 o. m. 


= 1 000 Metre 
as 0100 •« 

= 0010 “ 

=r 0*001 “ 

as 0*8087 Inch. 

— 1 Inch. 


Comparison of Standard Measures. 

1 Metre = 8*28080917 English Feet, =- 8 28070878 American Feet. 

1 Metre = 8*07844400 Paris Feet, = 89 80860685 American Inches. 


Measures of Volume. 

1 Cubic Metre ~ 1000 000 Litres. 1 Litre 0 22017 Gallon. 

1 Cubic Decimetre = 1*000 11 1 Litre 0*88006 Quart 

I Cubic Centimetre =s 0 001 44 1 Litre = 176138 Pints. 

* 1 Cubic Metre = 86*81660 Cubic Feet. 

1 Cubio Decimetre =r Cl 02709 Cubic Inches. 

1 Cubic Centimetre — 0-0G103 44 “ 

FRENCH WEIGHTS. 

1 Kilogramme = 1000 Grammes. 1 Gramme = 1*000 Gramme 

1 Hectogramme =100 “ 1 Decigramme = 0 100 44 

1 Decagramme = 10 44 1 Centigramme = 0010 44 

1 Gramme = 1 •* 1 Milligramme = 0 001 44 

1 Kilogramme = 2 67961 Pounds (Trojr), = 2 20485 Pound* (Avoirdupois). 
1 Gramme as 16*44242 Grains. 

To convert French metrical quantities into English measures and 
weights oonsult Table II. 

7b convert Grains into Grammes . 

Log. Grains -f (— 2*8115680) = Log. Grammes. 

7b convert Cubic Inches into Cubic Centimetres . 

Log Cubic laches -f 1*2144998 = Log Cubic Centimetres. 

7b convert Inches into Millimetres . 

Leg laches 4- 1 *4048887 « Log. Millimetres 



TABLE n. 

rOB COHVniB* FRENCH DECIMAL MEASURES and weights INTO ENGLISH MEASURES AND WEIGHTS. 

A. — MEASURES or LENGTH* 
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TABLE II. — ( Continued.) 

fO* OONVIRTIHO TRINCH DBCIMAL MBASORK8 AND WEIGHTS INTO KHQLISH MEASURES AES WBUBOL 

C. — WlIOHIS. 





mm 

«£*«>• 

85 

i 1 I I I I I 


S a C * a a « 

3 * • 

£ J 3 3 3 5 
► T> H 

13 ° 

j 2 V «» a >•* 



t « l 


6VB 


i 

i 

i 

PM 
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TABUS m. 

EXPANSION OF SOLIDA 


1,000,000 parti at 83 6 F. 


English Fint Glass 

Glass tube (French) 
Platinum . • . 
Palladium . . . 

Tempered Steel . 
Antimony . • . 
Iron 

Bismuth .... 

Gold 

Copper .... 
Brass .... 
Silver .... 

Tin 

Lead 

Zino 


At 21 2° F. 
become 


1,000,811 

1,000,801 

1,000,884 

1 , 001,000 

1,001,079 

1,001,083 

1,001,182 

1,001,892 

1,001,466 

1,001,718 

1,001,866 i 

1,001,900 

1,001,937 

1,002,848 

1,002,942 


1 in 1248 1 in 816 


1 in 1148 1 in 882 

1 in 1181 lin 877 
1 in 1000 1 in 833 

1 in 926 1 in 809 

1 in 928 1 in 307 

1 in 846 1 in 282 


1 in 718 


1 in -636 
1 in 524 


l in 340 


1 in 239 
1 in 227 
1 in 194 
1 in 179 
1 in 176 
1 in 172 
1 in 117 I 
1 in 113 


f Lavoisier 
t & Lapla o. 
f Dulong & 
t Petit. 

Wollaston, 
f Lavoisier 
\ & Laplace. 

Smeaton. 
f Dulong A 
\ Petit. 

Smeaton. 


Lavoisier 
& Laplace. 


INCREASE OP MEAN EXPANSION BY IIEAT. 


Expansion for each degree F. 


Between I Between Between 

82° ani 2!2°. 82° and 392°. 32° and 672°. 


Glass 

1 in 69CC0 

1 in 65340 

1 in 59220 

Platinum 

1 in G7860 

.... 

1 in 65840 

Iron 

1 in 607 00 

«... 

1 in 40860 

Copper 

1 in 3-1920 

.... 

1 in 21060 

Mercury ....... i 

1 in 9990 

1 in 9965 

1 in 9518 



At 212° F. 

At essr* F. 

At Freeslng Point 

Black lead ware . 

1,000.244 

1,000,703 


Wedge wood wore . 

1,000,736 

1,002,995 


Platinum . . . 

1,000,785 

1,002,996 

i 1 ,009,926 maximum, but 
\ not fused. 

Cast iron . . . 

1,000,898 

1,003,943 

1,016,389 

Wrought iron . . 

1,000,984 ; 

1,004,483 

( 1,018,878 to the fasing 
\ point of cast iron. 

Copper .... 

1.001,430 

1,006,847 

1,024,376 

Silver .... 

1,001,628 

1,006.886 

1.020,640 

Zinc 

1,002,480 

, 1,008,627 

1,012,621 

Lead .... 

1,002,328 

| 

1,009.072 

Tin 

1,001,472 

i i 

1,087,980 
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TABLE IT. 

■XPANSIOIT OF LIQUIDS 
BETWEEN 32 ® A HD 212 ® f. 


fl, 000, 000 parts mercury become . . 

1,018,153 

1 in 55 

Regnault. 

•« 

44 

pure water become 

1 ,040,000 

1 iu 21 -3 

Dalton. 

44 

44 

sulphuric acid become 

1 ,058,823 

1 in 17 

Dalton. 

44 

44 

ohlorohydric acid become 

1,058.8*23 

1 in 17 

Dalton. 

44 

44 

oil turpentine become 

1,071.428 

1 in 14 

Dalton. 

44 

44 

sulphuric ether become 

1,071,428 

! 1 in 14 

Dalton. 

44 

44 

fixed oils become . . 

1.080.0(H) 

! 1 in 12-5 

Dalton. 

44 

44 

alcohol become . . . 

1,111,000 

1 in 0 

Dalton. 

44 

44 

nitric acid become . . 

1, 11 1,000 i 

1 

1 in 9 j 

Dalton. 


■XFANSIOH OF LIQUIDS OF SIMILAR CHEMICAL COMPOSITION. 


°0. 

Ald«h.vde. 

But r rip Add. 

uiuo«. 

— i 

AcvUt# of ttthjl. 
Ull«0«. 

Pierw. 

(B. 1' 22°.) 

Knpp. 

PIptpp. 

(oa°) 

| Knpp. 

| (1M“) 

IM«rr«. 

(7U‘) 

AT, ( 

0 

10000 

10000 

l(HMM) 

KHHH) 

KHHH) 

KHHH) 

10 

9817 

9830 

9872 

9807 

9840 

9843 

25 

9507 

9590 

9088 

9007 

9029 

9022 

45 

9284 


9*53 

9439 

9359 

9852 

60 

9094 


9288 

927 1 

9172 

9106 

75 



9128 

9112 

8(0)0 

8988 

110 



8781 

87 05 

8033 



r 

Chlorfd 

Mnnnchlo Mrmorhto- 

1 Bkttort- 

1 




of 

rinntpd 

Hn*l*>d 

mit**<l 



A<*UUof Meihft, 


Ktbflm. 

Cb lurid 

t Odor of 

Cblodd 

C$ IWK 




CUUCfc 

of Kthvl 


of Kthvl 





«c 


! IWUiTl* 

(VW’li 



Mrm. 




Pfcrr*- 

* Hurra 

rt**rr«. 

Hi ‘rtm 

! Kopp. 


<S4D») 

(04 B°.) 

{! 14 2° ) 

(74 V 5 ) 

<wv ) 

(64T'.) 

<***».) 

cT 

10000 

10000 

10000 

■ KHHH) 

KHHH) 

KHHH) 

10000 

10000 

26 

9607 j 

1 9009 

9093 

| 9048 ! 

9032 

9031 

9 688 

9081 

65 

9331 

9300 

9350 

9207 

9241 

9243 

9243 

9248 

H 

9068 

9008 

9090 1 

8988 

| 8963 | 

I | 


8955 

1 

L J 







TABLE V. 


EXPANSION OP OASIS. 


1XFANSION TOR A CONSTANT YOLCN1.* 


Air. 

■ 

Psweerast 

Pnsrara it 


* W9I. 

2ia»». 


a.a. 

n. m. 


109*72 

14981 

0*86482 

174 86 

287*17 

080518 

20606 

896 07 

0*86642 

874 67 


0*86687 

876*28 


080572 

760 00 

** 

0*86660 

1678*40 

2286 09 

086700 

1692*68 

2806*28 

0*86800 

2144.18 

2924 04 

0 80894 

| 8666.06 

i 

4992*09 

087091 


CUboBlo Add. | 

Prewar* si 

rmran at 

npp n* 

8*2® ». 

*12° F. 

■Had 

m. m. 

m m. 

imm 

768*47 

1084*54 

0-86858 

901*09 

1280*87 

0*86918 

1742*98 

2887-72 

0*87628 

8689*07 

4769*08 

0 88698 


RXPANSION FROM 32* TO 212° 7 . AT A CONSTANT PRCSSCRE.* 


IIj4ragan* ! Air. 

Carbonic Add. { Sulphurous Add. 

*60* 0*86618 “tS* 0*86706 

2646 0 86616 2625 0 36944 

| 2620 0 86964 

t 

*700 0*87099 *60 0 8902 
2520 0*38456 j 980 0*8980 

i 

! 


TABLE VI. 

RADIATING POWXR ACCORDING TO PROVOSTAYB, DE8AINB, 
AND M8LL0NI. 


Lampblack being • . . 100 
Pure rolled silver . . . 8*00 

Pore burnished diver . . 2*60 

Rolled platinum . . 10-80 

Gold in leaf 4 28 


Rough silver (deposited on 
copper) .... 6*86 

Burnished silver (pure) . . 2*26 
Burnished platinum . . • 9*60 
| Sheet copper 4*90 


• Goan de Physique. Par M. J. Jamin. IomtiLp.TR 
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TABLE TIL 

CONDUCTING POWER METALS AND BUILDING MATERIALS 

A.— CONDUCTING POW1R Of MKT At A, 


Name of Metal. 

Derpreta. 

WMmimb 
A Prana. 

D*n)oml, 

Gold 

1000 0 

1000 

1000 

Platinum 

981 0 

108 

124-91 

Silver 

9730 

1880 

1481*87 

Copper 

898*2 

1883 

1383 61 

Brass 


444 


Steel 


218 


lien . 

874*8 

224 * 

188 8 

Zine 

808 0 


876 8 

Tin 

808 9 

278 

21200 

Lead 

179*6 

160 

128 66 

Palladium 


118 

217 08 

Bismuth 


84 


Marble 

28 6 



Porcelain 

12 2 



Brick elsj . 

11-4 




B. — CONDUCTING POWIR OP BUILDING MATERIALS. 


Kmm of SutetUM*. 

Conducting 
power referred 
to •late — 100. 

Name of Httbetattee. 

? 

KB 

Plaster and sand . . 

Keene's cement . . 

Plaster of Paris . . 

Roman oemcnt . . 

Lath and plaster . . 

Fir wood .... 
Oak wood .... 

Asphalt 

Chalk (soft) . . . 
Napoleon marble . . 
Staek brick .... 

18 70 
19*01 

20 26 

20 88 

25 66 
27*61 

88 60 
46*19 

66 38 

68 27 
6014 

Bath stone .... 

: Fire brick .... 
j Paniswick stone, H. P. 

; Malen brick . . 

j Portland stone . . . 

Lunelle marble . . 

Bahiover stone, H. P. 
Norfal stone, 11. P. . 

Slate . 

Yorkshire flag . . . 

Lead 

61 *08 

61 70 

71 86 

72 92 
7610 
76-41 

76 86 

96 88 * 

100 00 
110 94 
621-84 
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APPENDIX 


TABLE 

ABSORPTIVE POWER OP DIFFERENT BODIES. 


Name*. 

Atwvpttve 

Power. 

Reflective 
Power. ■ 

Smoke blackened surface 

100 

0 

Carbonate of lead ......... 

100 

0 

Writing paper 

98 

2 

Glass ............. 

90 

10 

* China ink 

86 

15 

Gum lac 

72 

28 

Silver foil on glass 

27 

78 

Cast iron, polished 

25 

75 

Wrought iron, polished 

28 

77 

Mercury 

28 

77 

Zinc, polished 

19 

81 

Steel 

17 

83 

Platinum, thick coat, imperfectly polished . 

24 

76 

“ on copper 

17 

88 

44 leaves 

17 

88 

Tin 

14 

80 

Metallio mirrors, a little tarnished . . . 

17 

88 

44 44 nearly polished .... 

14 

86 

Brass, cast, imperfectly polished .... 

44 hammered, imperfectly polished 

11 

89 

9 

91 

44 44 highly polished .... 

44 cast, 44 44 .... 


98 

. !r 

98 

Copper, coated on iron 


98 

44 varnished 

■ft 

86 

44 hammered or cast 


•8 

Gold plating 

BUI: 

95 

Gold deposited on polished steel .... 

8 

97 

Silver, hammered, and well polished . . . 

8 

97 

Silver, cast, and well polished 

8 

97 


TABLE IX. 


ABSORPTIVE POWER FOR HEAT FROM DIFFERENT SOURCES. 


Name of Subetaace. 

Inreii4«Ment 

PleUnum. 

Copper at 
4oO°. 

“tkt *• 

| Lampblack 

100 

100 

100 

» Carbonate of load 

66 

89 

100 

China ink 

95 

87 

85 

Isinglass 

64 

64 

91 

Lac ..... 


70 

72 

Metallic surface 

■a 

18 

It 
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TABLE X. 


DIATHERMANCY OF DIFFERENT LIQUIDS, 


|~ Of 100 Incident wye. 

_ 


Tmn«- jTmn* 

mltt'di InltteS 

Bisulphid of carbon (c( lor! css) 

«:« 

Ether . 

1 

21 « 

Bichlorid ofsulph. (red brown) 

r.2 

Sulphuric acid (colorless) . 

17 ! 

Terchlorid of phosphorus 

02 

Sulphuric acid fbrown) . . 

17 1 

Essence of turpentine . . . 

81 

Nitric acid 

14 

Colza oil (yellow) .... 

80 

Alcohol 

16 

Olive oil (greenish) . . . 

80 

Distilled water 

11 


TABLE XL 

[Ratio of Specific Heat to Atomic 
SPECIFIC HEAT. 


A. — SOLIDS. 


: 



Water — 1.O0. 



N&mu. 

Hpeclftc Tints. 

C. 

Atomic Weights 

P 

l’mdnrt, 

exp. 

Aluminum . . . 




0 2148 

13 7 

2 04 

Sulphur .... 




02026 

16 

2 24 

Iron ..... 




0-1 18H 

28 

Hi’ 

Cobalt .... 




0 1070 

20 5 

mSM 

Nickel .... 




0 1 086 

20 0 


Copper .... 




0 0052 

ill -7 


Zinc 




0 0050 

32-6 


Selenium . . . 




0-0762 

40 


j Tin 




0 0562 

f»0 

8 81 

. Platinum . . . 




0 0124 

08 7 

8 20 

Lead 




0*0214 

103*7 

8 26 

Phosphorus . . 




0 1887 

8! 

6*85 

Arsenic .... 




0 0814 

76 

6 10 

Silver . . . *. 




0-0570 

108 

6*16 

Iodine .... 




0 0541 

127 

6 87 

1 Antimony . . . 




0 0508 

120 3 

6 11 

: Gold 




0*0324 

107 

6 38 

j Bismuth .... 

1 




0 0508 

208 

641 

B. — LIQUIDS 

Mercury (liquid) 




0 02331 

100 

8*88 

Mercury (solid) • 

. . 

. 


0 03241 

100 

8 24 

Bromine (liquid) . 

. 

. 


0 11004 

80 

• 74 

1 Bromine (solid) 28* C. . 

* 


0 08432 

80 
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TABLE XI . — ( Cfontimmed * ) 

SPECIFIC HEAT. 

0.— OASES Asm YAPOES. 


1 * 

Vhn of 8aMn«. 

OipMlt; for 
equal weights. 

Water -1. 

Capacity far 
equal vofnmea. 
Water of equal 
weight being* 1. 

1 

BpwlAeOnTitjr.j 

Atmospheric air* .. 



0*2379 


■ 

Oxygen .... 



■MS 

0*2412 


Nitrogen . . . 



iM 

SilE£*&i^B 


Hydrogen . . . 



8-4046 



Chlorine . . . 



0 1214 



Bromine . . • 



0*0652 


6 8900 

Nitrous oxyd . . 



0*2288 



Nitric oxyd . . 



0*2316 


BBSTJ^B 

Carbonic oxyd 



0 2479 

0 2399 

^BSSJJT^B 

Carbonic acid . . 



6*2164 


1*6290 

Sulphid of carbon 



0*1676 

0*4146 

2*6826 

, Sulphurous acid . 



0*1663 

0*8489 

2-2470 

I Ammonia gas . . 



0*6080 

02994 

0*6894 

Olefiant gas 



0 8694 


0*9672 

Water vapor . • 



0 4760 


0-0210 

Alcohol vapor . • 



04518 

0.7171 

1*6890 

Ether vapor . . 

a • 


0*4810 

1*2296 

2 6668 

Chloroform . . 

• • 


0*1668 


6 8000 

Vapor of mercury 

• a 

e 


* 

6 9760 

Vapor of Iodine . 


• 



8*7160 


TABLE XII. 

FREEZINQ MIXTURES. 


flabataneoe. 

Parte by 
Wright 

Cooling hi Degrees V. 

Sulphate of eoda . . . 
Hydrochloric aoid . . • 



81 

6 


from + 60* to 0* 

Snow or ioe 



2) 

*• x -• — - 6° 

Common salt .... 



1 f 

Sulphate of soda • . . 

Dilute nitric acid . . . 



«1 

2 


“ + 60° “—8* 

Sulphate of soda . . . 



6] 



Nitrate of ammonia . . 



6 


“ + 60* “ — 14* 

Dilute nitric acid . • 



4, 


Snow or iee . . . • 
Chloride of caleium . 



S 

4j 


*' +20* “ — 14* 


* OiltRoAiiBdIUnii 
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TABLE XIII. 

DIATHERMANCY OP DIFFERENT SOLIDS. 


ItatwtaiK* of Scraraa. 

Source* of Hast. 

f Baafe plate was 2*62 m. m. (01 In.) In thick.] 

Naked 

Flam*. 

limited 

Platinum 


«?>r 

Rook salt (limpid) 

Silioian sulphur (yellow) . . . 

Fluor spar (limpid) .... 
Rook-salt (cloudy) .... 

Beryl (greenish yellow) . . . 

Iceland spar (limpid) .... 

Plate glass 

Quarts (limpid) 

Quarts (smoky) 

White topas 

Tourmaline (dark green) . . . 

Citric acid 

Alum 

Sugar candy (limpid) .... 

92 8 

74 

72 

06 

40 

89 

89 

88 

87 

88 

18 

11 

9 

8 

92-8 

77 

09 

05 

88 

28 

24 

28 

28 

24 

10 

2 

2 

1 

1 

II 

wmm 1 

m jKlf| 

I 


TABLE XIV 


TENSION OP VAPORS AT EQUAL DISTANCES ADOVE AND BELOW 
TUB BOILING POINTS OP THEIR RESPECTIVE LIQUIDS. 


! 

Bogaavlt. 

Ur*. 

Crs. 

Hen. 

Avefsira. 

1 Ssalffsfi*- 
. im< share sr 
. hetev heUia*. 

Water. 

A Ir-efeal . 

Sr Or a SI I. 

Fiber. 

Svipiri CsrtHM. 

Msmrjr. 


Teas*. 

*9 

'PreMBre Temp. r retire 
laches. OF. InoAes 

Tewtjt 

or. 

Praeeare 

larbes. 

Test* 

fressart Tmt? fuasu 
laches. : Isctek 

j + 40* 

+ 20° 

262 

282 



124 

42 041 137 

40 19 

i 

Boiling p’t. 

212 

30-00 


104 

80 00 

117 

23S7 


-20° 

192 

19 87 

168 19 80 

84 

20 90 


i 

— 40» 

172 

12 78 

138 11 60 

04 

13 00 

77 

18 89 

nr, mut.h 

— 60* 

152 

7*94 

ieies] 

44 

8 10 

67 

9*07 

i 

—SO* 

182 

4*67 

98 8*67 



87 

6*78 

690 14 06 

j 


CO 
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TABLE XV. 

MELTING POINTS AND LATENT HEAT OP FUSI JN OF DIFFERENT 

BODIES. 


Sobetaneaa 

Melting Point 

Latent Heat* 
°F. 

i 

Water — L 

Mercury . . . 




— 89 

' 6*11 

0*086 

Oil of Titrlol . . 




— 80 



Bromine . . . 




— 4 



Water .... 





142*1 

1*000 

Phosphorus . . 




+ 111 

8*08 

0*056 

Potassium (about) 




131 



Yellow wax . . 




143 

7882 

0661 

Sodium . . . 




190 



Iodine .... 




224 



Sulphur . • . 




239 

16*61 

0*116 

Tin 




465 

26*74 

0*180 

Bismuth . . • 




618 

22*30 

0*166 

Lead «... 




680 

9*27 

0 066 

Zino .... 




761 

49*43 

0 847 

Antimony . . . 




963 



Silver .... 




1878 

87*92 

0 266 

Copper .... 
Gold .... 




42143 

2016 



Cast iron (above) 




2786 



Wrought iron 




8280 



Platinum . . . 




4691 



Nitrate of soda . 




691 

118*36 

•797 

Nitrate of potash 




642 

83*12 

•684 

| Nitrate of silver 





113*84 

•704 


TABLE XVI. 

BOILING POINT OP WATER UNDER DIFFERENT PRESSURES. 



Barometer. 

Inches. 

Boiling Feint 

°r. 

— 

Baromater. 

. lacbM. 

184 

16*676 

200 

23*151 

. *186 

17*421 

202 

24*441 

188 

18 196 

204 

26*468 

190 


206 

26*529 

192 

19*822 

208 

27*614 

194 

20*687 

210 

28 744 

196 

21 *676 

| 212 

29*922 

196 

22*498 

214 

81*120 ; 


* Tb« number* In this column msy be considered u the number of pounds of 
voter that ooutd be robed 1° F. by the beet emitted during the congelation of 
one pound of each of the an balance* included in tbe table, 
f Plattaer. 














PHYSICAL TABLES. 


TABLE XVII. 

BOILING POINTS OP LIQUIDS. 


r 

Temperature. 


Temperature. 

°K 

Sulphurous Mid 

17.6 

Nitric acid, sp gr. 1*42 

2480 

Chlorid of ethyl 

61*9 

Bichlorid of tiu , . 

240 2 

( Aldehide . . . . 

694 

Fousel oil . . . 

269-8 

Ether 

94-8 

! Terchlorid of arsenic 

230-0 

Bisulphid of carbon 

1 18*6 

Butyric acid . . . 

814 6 

Terchlorid of silicon 

138-2 

Naptha .... 

820 0 

Ammonia, sp gr. 0 946 

140-0 

Sulphurous ether . 

820 0 

Bromine .... 

146-4 

Phosphorus . . . 

664*0 

Wood spirit . . . 

149 9 

Oil of turpentine 

668-6 

Alcohol .... 

173 1 

Linseed oil . . . 

697 0 

Dutch liquid . . . 

184 7 

Sulp. acid, sp. gr. 1 *813 

620-0 

Water 

212.0 

Mercury .... 

662 0 


TABLE XVIII. 

BOILING POINT OP WATER AT DIFFERENT PLACES AND TIIEIB 
ELEVATION ABOVE THE SKA. 


Names of Ptaee. 

| Abort* for b«* 

I low) tli»* laral 
j Of till* m 

Mean height 
of Ol« 
lliMm«t«r. 

f Th*rmomwt4 


Vmt 

InrhML 

H»(ww. 

Donkia (Himalaya) 

Donkin Pass (Himalaya) . . . 

+ 17,387 

16 412 

179-90 

16,621 

16-489 

181 40 

Farm of Antisana, 8. A. . . . 

18,466 

17 870 

187-80 

Miouipampa (Peru) .... 

11.870 

1 9 020 

UK) 20 

Quito 

9,641 

20 760 

194 20 

Mexico 

7,471 

22 620 

198 10 

Hoepice of St. Gothard . . . 

6,808 

23.070 

ma-20 

Black Mountain, N. C. (highest \ 
point in the eastern U. 8. )* . / 

6,702 

22 602 

f 199 -67 

Mount Washington, N. H. 

6,290 

22-906 

f 200 -48 

Madrid 

1,996 

27 720 

208-00 

Salzburg 

1,483 

28-270 

209-10 

Plombieres 

1,381 

28-390 

209 80 

Moscow , 

984 

28 820 

210-20 

Vienna 

430 

29 410 

211 10 

Borne 

161 

29*760 

211 60 

Dead Sea (Mow Mediterranean \ 
Ssn) / 

— 1316-7 

81-496 

1214*44 


• f EttlmaUd by Forbes’ MiCftMU 
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TABUS XIX. 

BOILINS POINT OF WATER AT DIFFERENT ATMOSPHERIC 
PRESSURES. — REGNAULT. 


Prtwors In atino> 
sphere* of 30 Inches 
mercury. 

Boiling Point of 
Water. 

Pressure In atmo- 
spheres of 30 Inches 
mercury. 

1 

BoUJag Point of 
Water. ^ 

1 

212 °F. 

11 

864-2 *F 

2 

249 6 

12 

871 1 

8 

278-8 

18 

877-8 

4 

291*2 

14 

884 

6 

8060 

15 

890* 

6 

8182 

16 

896-4 

7 

829-6 

17 

400-8 

8 

839-6 

18 

405-9 

9 

848-4 

19 

410 8 

10 

866*6 

20 

4164 


TABLE XX. 

LIQUEFACTION AND SOLIDIFICATION OF OASES. 



Melting 

Pressure in Ataxvphersa 

Nunes of the Gases. 

Point. 





°W. 

AtS2°P. 

Ateo°r. 


Sulphurous acid . . . 

— 105° 

1-58 

2 64 

6 -16 at 100° 

Cyanogen 


2-87 


4 00 at 68 

Hydriodio acid . . . 


8-97 

6-86 


Ammonia 

— 108 

4 4 

690 

10 00 at 88 

Sulphuretted hydrogen . 

— 122 

10 


14-60 at 62 

Frotoxid nitrogen . . 

— 160 

82 


88 40 at 86 

| Carbonic acid . . . . 

— 70 

88-5 



Euchlorine 

— 66 




Hydrobromio acid . . 

— 124 




1 Fluorid of silicon . . . 

— 220 





’ Chlorine 


8-96 

18-19 



Arseniuretted hydrogen 






Phosphurettod hydrogen 






Olefiant gas . . 




rTiW^j) j 


Fluorid of boron . . . 




11 64 at-— 62 

m. 

k Uydrochlorio acid . . 


26 20 


40 at 60 
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TABLE XXIL — LATENT AND SENSIBLE HEAT 07 STEAM. 


Temp. 

Latent H wt. 

Sam of Latent 

and Sensible Heat 

82° 

.1092-6°. 

1124-6° 

68 

1067-4 

1135-4 

86 

1054-8 

11408 

104 

1042 2 

11462 

140 

10170 | 

1167 0 

104 

979-2 

11732 

212 


1178-6 


Tam* 

Latent Heat 

1 8am of Latent 
and 8entlble Heat 

248° 

939 6° 

1187-6® 

284 

914-4 

1198-4 


889-2 


888 

874-8 

1212-8 ] 

874 

849-6 

1223-6 

410 

822-6 

1232-6 

446 

795-6 

1241-6 


bkonault’s results. ( 683. 


Pressure In Atmo- 
sphere*. 

Temperature. 

.. 

Latent Heat 

Sum of Latent and 
Ben Bible H«nt 

0-0014 

0® 

1114-0° 

1114-0° 

0-006 

82 

1091-7 

1123-7 

1-000 

212 

v66*6 

| 1178 6 

8.000 

839 

877-3 

1 1216-8 


TABLE XXIII — SPECIFIC GRAVITY OF SOLIDS AND LIQUIDS. 


Subetaneee. 

Sp. Gravity. 

Subetaneee. 

Sp- Gravity. 

Platinum 

21- 

Sulphate of lime . . 

2-32 

Gold 

19*24 

Sulphur 

2-03 

Tungsten 

17- 

Bone 

1-8-1-99 

Mercury ..... 

13-60 

Ivory 

1*92 

Rhodium and Palladium 

11* 

Caoutchouc .... 

0989 

Silver 

10-47 

Sodium 

0-97 

Bismuth 

9-82 

Wax 

0-97 

Copper 

8-78 

Gutta-percha . . . 

0-966 

Arsenio 

8 60 

Ice 

0-9175 

Steel 

7-81 

Pumice-etone . . . 

0 92 

Iron ...... 

7-78 

Potassium .... 

0 86 

Meteorie iron . . . 

7*26-7-79 

Pine wood .... 

0*66 

Cast iron 

7-21 

Cypreee wood . • • 

0-60 

Zinc ...... 

6-66 

Cedar wood .... 

0-56 

Antimony .... 

6-71 

Common poplar • • 

0 38 

Iodine 

4-96 

Lombardy poplar . . 

136 

Heavy apar .... 

4*43 

Cork 

0*24 

Oriental ruby . . • 

4*28 

li q trine. 

1 

Topaa 

8*66 

Sulphuric acid • . . 

1-84 

Diamond 

3-60 

Nitrous acid .... 

1-66 

EnfUeh Sintflaaa 

333 

Water from Dead Sea 

1-24 

Parian marble . . . 

2-84 

Nitric acid .... 

1-22 

Emerald 

2*77 

Milk 

1-03 

Pearl ...... 

2-76 

Wine 

099 

Iceland apar . . . 

2-72 

Linaced oil ... • 

094 

Common marble . • 

2-76 

Spirit* turpentine . . 

0-87 

Coral ...... 

2 68 

Absolute alcohol . . 

0-79 

Quarts 

2*66 

Naphtha. “ light oil'* . 

9-738 

Agate 

2*61 

Sulphuric ether . . 

972 

8t Go bain'* g.aea . . 

2-49 

Bupion 

0-656 
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TABLE XXIV. 

VOLUME AND DENSITY OF WATER.-BY KOPP. 


feaperataxe. 

Volume of Water 

Sr Or- of Water 

Volume of Water 

8p. Or. of Water 

a 

(*t0° — 1). 


(at — 1). 

(at 4 °n» 1). 

* 

1-00000 

1 000000 

1-00012 

0-999877 

1 

0-99995 

1 000068 

1-00007 

0 999980 

2 

0*99991 

1 -000092 

1-00008 

0 999969 

8 

0-99989 

1 000116 

1-00001 

0-999992 

4 

0 99988 

1-000128 

1 00000 

1 -000000 

6 

0-99988 

1-000117 

1-00001 

0-999994 

6 

0-99990 

1 000097 

1 -00008 

0*999978 

7 

0-99994 

1*000062 

1 -00006 

0-999989 

8 

0-99999 

1 000014 

1 0001 1 

0-999890 

9 

1-00006 

0-999952 

1 00017 

0 999829 

10 

1 00012 

0 91*987 0 

1 -00026 

0-999768 

11 

1-00021 

0-999785 

1 -00034 

0 999604 

12 

1-00031 

0 999686 

1 00044 

0 999662 

18 

1 -00043 

0 999572 

1 -00056 

0 999449 

14 

1-00066 

0-999445 

1 *00068 

0-099322 

16 

1-00070 

0*999306 

1 -00082 

0 999183 

16 

1-00086 

0 999166 

1 -00097 

0 999082 

17 

1-00101 

0 99899*2 

1 -001 13 

0 998869 

18 

1-00118 

0998817 

1-00131 

0 998696 

19 

1-00187 

0-998631 

1-00149 

0-998609 


1-00167 

0-998436 

1 (K)l 69 

0 998312 

21 

1-00178 

0 998228 ! 

1 00190 

0 998104 

22 

1-00200 

0-998010 

1 (MI2I2 j 

0 997886 

23 

1-00228 

0-997780 

1 00286 | 

0 997667 

24 

1-00247 

0 997641 

1 00269 

0 997419 

25 

1-00271 

0-997298 

1 (KI284 

0-997170 

26 

1-00296 

0-997036 

1-00810 

0-996912 

27 

i 1-00819 

0-996767 

I -00337 

! 0 996644 

28 

1-00847 

0-996489 

1 mm 

0 996867 

29 


0-996202 

1 -00398 

0 996082 

80 


0-996908 

1-00428 

0 996787 

86 





40 





46 

1 00964 




60 

; 01177 




66 

1-01410 




60 

1-01669 




66 

1-01980 




70 

102226 




76 

1-02641 




80 





86 

1-08189 




90 

1-08640 




96 

1-08909 




100 

1-04299 










568 
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TABLE XXV. 

COMPARISON 07 THE DEGREES OF BEAUMg’S HYDROMETER WITH 
THE REAL SPECIFIC GRAVITY. 

A. — FOB LIQUIDS MEATIER THAN WATER. 



B. — FOR LIQUIDS LIGHTER THAN WATBB. 
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TABLE XXVI. 

TENSION, VOLUME, AND DENSITY OF AQUEOUS VAPOR. 


Tension of Vapor 
expressed in 
Atmospheres. 


Tension 
expressed by 
a column of 
mercury 
In metres. 


Volume 
occupied l»y a 
kilogramme of 
vapor. In cubic 
metros. 


Weight of a 
cubic metre of 
Aqueous Vapor 
tu kilogrammes. 


o® 

rli 

0-0060 

000460 

: 205 222400 

0-00487200 

17 86 

a 

or 

0-0200 

0 01520 

i 06 144900 

0-01612617 

29-87 

*\ 

or 

0-0400 

0-08040 

84-364490 

0 02909000 

88 80 

1*1 

or 

0-0500 

0*08800 

! 27-862630 

0 03590807 

87-88 

T*| 

or 

0-0625 

0-04760 

22 578310 

0 04430000 

42*66 

A 

or 

0*0838 

0 06830 

! 17-232270 

0-06808376 

46-25 

A 

F or 

0-1000 

0*07600 

' 14 615040 

0 00892000 

60-60 


f or 

0*1260 

0-09600 

i 1 1 -7095(H) 

0-08496800 

68*85 


\ or 

*0 1428 

0*10867 

I 10-891950 

0*09022000 

66*68 

\ 

r or 

0-1666 

0*12666 

8 990440 

0 11119230 

60-40 


\ or 

0 2000 

016184 

7*682970 

0 18186937 

65-86 

J 

• or 

0 2600 

0-19000 

6- 160070 

0 10240770 

81-72 

j 

1 or 

0*6000 

0 88000 

8 227120 

0 30983570 

92-18 

j 

f or 

0 7600 

0*67000 

2216120 

0-46141000 

100- 

1 

or 

1-0000 

0-76000 

] *096000 

0 69180000 

106 83 

n 

\ or 

1-2600 

0-96000 

1 -380541 

0-72430000 

111-83 

] 

\ or 

1-5000 

1 14000 

1 107228 

0 8507(MKH) 

116-60 

i 

[ or 

1 7600 

1 83000 

1-012019 

0 987525(H) 

120-64 

2 

or 

2 0000 

1 -62000 

0-896402 

1 11671700 

124-89 

2 

r or 

2*2500 

1 -72000 

0*798083 

1 -26305700 

127-88 

2 

or 

2*6000 

1 -90000 

0-729463 

1 37087600 

180-98 

2 

[ or 

2 7600 

2 09000 

0*068308 

1 -49020700 

188-91 

8 

or 

8*0000 

2 28000 

0 010097 

1 -020384(H) 

186-72 

8J 

r or 

8-2600 

2 47000 

0 678676 

1 743400(H) 

189-29 

8 

r or 

8 6000 

2-66000 

0*684694 

1 80682000 

141-72 

8 

for 

8 7600 

2-86000 

0 603167 

1 987318(H) 

144 

4 

or 

4*0000 ! 

8-04000 

0*474820 

2 108285(H) 

146 28 

41 

f or 

4-2600 

8 23000 

0 448800 

2 227800(H) 

148-44 

4 

| or 

4-6000 

8 42000 | 

0 420093 

2 340833(H) 

160 86 

4 

1 or 

4*7500 

8-61000 

0-406607 

2-40005600 

162-26 

6 

or 

6-0000 

8 80000 

0 886900 

2 684170(H) 

164-16 

61 

f or 

6 2600 

8 99000 

0*870170 

2 701852(H) 

165-94 

6 

| or 

5-6000 

4 18000 

0 354778 

2 81226060 

167-64 

6| 

1 or 

6 7600 

4-37000 

0-340609 

2 93400000 

J69-26 

6 

or 

6-0000 

4 60000 

0 827779 

8 -064)71(600 

166 40 

7 

or 

7-0000 j 

6 82000 

0-284988 

8 60980700 

17084 

8 

or 

8-0000 

6*06000 

0262428 

8 97068000 

176-77 

9 

or 

9 0000 

6-84000 

0 226771 

4-40770000 

180 80 

10 or 10-0000 ! 

7 60000 

0 200248 

4-84844400 

184 60 

ii 

or 

11-0000 1 

8 36000 

0 189189 

6 28326000 

188 64 

12 or 32-0000 

9-12000 

0 174962 

6-71426000 

190- 



12-4260 i 

9 44300 

0 169437 

6 , 91 *428(H) 

195- 



13-8160 i 

1062000 

0-163660 

j 6*60428600 

200* 



16-8660 : 

11 68900 

0-138717 

7*31716600 

280* 


27*6840 : 

20 92600 

0*083116 

12-08722000 





ANSWERS TO PROBLEMS, 


Prob. 1. Am. (o.) 147640*40 yd*, j (6.) 1*021 taehe*; (e.) 0*02937079 tatfcj 
(rf.) 1*1811237. 

Prob. 2. An*, (o.) 1*39097 metro* j (6.) 1131*6495 metro* ; (e.) 20*921 ktto- 
metro*; (d.) 4*57 metre*. 

Prob. 3. Ana. (a.) 1 litre and 703*258 oublo centimetre*; (6.) 1*1 gallon*; 
(e.) 81*7930 litre* ; (d.) 0*01232931 pint. 

Prob. 4. Ana. (a.) 0*63499 metre; (6.) 64*7286 Amer. taebo*; (e.) 22*81 
metre* ; ( d .) 5468*48 Amer. yards. 

Prob. 6. An*, fa.) 4258*1458 oubio eontimetres; (6.) 46419*4486 eablo oenti- 
metre*; (e.) 0*1618 gallon. 

Prob. 6. Au*. 0*1615 foot per seoond. 

Prob. 7. An*. <0 X - feet. 

M 

Prob. 8. An*. Unit of time = 0*3896 second. 

Prob. 9. An*. At an angle of 30° 62' 12" with the component 4, and with a 
velocity = 6. 

Prob. 10. An*. Speed of A =® || of speed of 1). 

Prob. 11. An*. Velocity *= 180 feet per second ; distance mm 1800 yard*. 

Prob. 12. Ana. 20 feet per second. 

Prob. 13. An*. Retardation =» 26 feet per seoond ; distance mm 312} tai. 

Prob. 14. An*. 251 42$ lbs. 

Prob. 15. An*. 31,250 feet per second or 6.9 milee. 

Prob. 16. An*. It would not 

Prob. 17. An*. 144 feet, 9 inches. 

Prob. 18. An*. 3 second*. 

Prob. 19. An*. If k represent the height of the tower, the velocity re- 
qnired = j /gk. 

•Prob. 20. Am. If v represent* the vertleal velocity of the balloon, the 


Prob. 21. An*. The height as jL> 


Prob. 22. An*. 396*03 feet. 

Prob. 23. An*. 64} feet 

Prob. 24. An*. Height of bridge ■ 180*82 feet ; time required mm f *4 



m 


mmnum to pboblzim. 


Prob. Si. Ana. 402^ feet 

Prob* 26. Ana. Velocity — i,V X * i»o<m*e of Moent and return. 

Prob. 27. Ana. 208*44 feet 
Prob. 26. Ana. 6 2 seconds. 

Prob. 20. Ana. 06*75 feet 

Prtb. 60. Ana. 103*37 milea per bonr. 

Prob. 61. Ana. The train cannot aacend aneb a grade without more attain, ft 
would require an initiaPvelooity of 54.60 milea per bonr to orereome aneb a grade. 
Prob. 62. Ana. 265*099 lba. 

Prob. 66. Ana. 3-3236 lba. 

Prob. 34 Ana. Twelve timea ita preaent velocity. 

Prob. 86 Ana. 8*46 revolutiona per aeoond. 

Prob. 36. Ana. 1*74 aeconda. 

Prob. 87. Ana. 31£ feet 
Prob. 88. Ana. 0-88 second. 

Prob. 89. Ana. 1*003 aeconda. 

Prob. 40. Ana. At New York g = »*/ = 82*155399 feet 
At Cape Horn g = r 5 / « 32*205083 feet 
At Boaton g = 32-17076 (1 —0-00269 coa. 2X) =» 32*163064 ft* 
At New Orleana jf** w * “ ** « 32125757 ft* 

At Stockholm g » « « « « =321 31002 ft • 

Prob. 41. Ana. g' « f 9 g. 

Prob. 42. Ana* 18916-25 feet = 2*64 miles. 

Prob. 43. Ana. 81088 feet «■ 6*89 miles. 

Prob. 44. Ana. 24*87 aeconda. 

Prob. 46. Ana. 85° 19' 43"*5 or 64° 40' 16"*. 

Prob. 46. Ana. 736 35 feet per aeoond. 

Prob. 47. Ana. times greater. 

Prob. 48. Ana. 21*21 miles per bonr. 

Prob. 49. Ana. As 1 to 2£. 

Prob. 60. Ana. 60 feet 
Prob. 61. Ana. As 1 to 7^. 

Prob. 62. Ana. 2f feet from the smaller weight 
Prob. 63. Ana. Under the weight 7. 

Prob. 64. Ana. 125 lba. and 76 lba. 

Prob. 65. Ana. At one point 9i cwt, at the other 20| cwt 

Prob 66. Ana. Pressure on A = 10 4 cwt ; pressure on B ■** 17*6 ewt 

Prob. 67. Ana. 40 lbs. 

Prob. 68. Ana. Diameter of axle 2 inches. 

Prob. 69. Ana. toft lba. 

Prob. 60. Ana. 156 cwt 

Prob. 61. Ana. 1382*4 tons. 

Prob. 62. Ana. 4970 lbs. 

Prob. 63. Ana. 3} cwt 
Prob. 64. Ana. 60 lbs. 

Prob. 65. Ana. 12 cwt 

Trob. 66. Ana A power equal to 8 cwt would balance the train, bat eoaaa 
additional force la required to impart motion independent of friction, which is 
not considered. 

Prob. 67. Ana. 67868-56 lba. 


* Approximate values. Bee | 96. 



AKSW1BB TO PROBLEMS. 


AM 


Ptoh. 68. Ant. 79 68 lbs. 

Prob. 69. Ans. 10 lbs. 

Prob. 70. Aos. A fores of 18 3 wt in both costs. 

Prob. 71. Aos. 478*22 horse -power. 

Prob. 72. Aos. 1*5874 times greater. 

Prob. 73. Aos. 11*94 miles per hour. 

Prob. 74. Aos. At 14”, 1233163 kilogrammes; at 50®, 12925*69 kilo* 
grammes; at 212°, 13885.42 kilogrammes; at 392°, 1229. 67 kilogrammes. 

Prob. 75. Ans. At 50° a rod having a sectiuu of one square millimetre would 
be elongated one-fourth of an inch. 

Prol 76. Ans. Double the weight in the first case. 

Prob. 77. Ans. Sixteen times as much as if the beam were secured at one 
end and the weight applied at the other extremity. 

Prob. 78. Ans. Tempered steel, 5634*95 to 7546*76 lbs.; untempered steel, 
6433 6 to 6238*7 lbs. 

Prob. 79. Ans. 0*07 inch. 

Prob. 80. Ans 3498*86 lbs. to 8724*71 lbs. 

Prob. 81. Ans. 15*474 tons to 18*548 tons of 2000 lbs. 

Prob. 82. Ans. Considering the ends secured by union with the entire stn3» 
ture, the breaking weight « 2990*18 tons; considering the ends not secured, 
but merely supported on the piers, the breaking weight *» 1495*09 tons. 

Prob. 83. Ans. If the ends are securely fastened tho working load «■ 532*69 
tons; but if the ends are merely supported the working load «-■ 233 67 tons. 

Prob. 84. Ans. 280*69 tons. Since the entire structure forms a continuous 
tube, the ends of the middle span are securely fastened. 

Prob. 85. Ans. 69*43 tons. 

Prob. 86. Ans. e =» 5*85579 feet per second ; s' ** 8 67579 (bet per see ou d; 
« sss 6{ ] feet per second. 

Prob 87. Ans. m «■ 7$«'# 

Prob. 88. Ans. t =» 0*6. 

Prob. 89. Ans. 153 feet 
• 1 

Prob. 90. Ans. r «• -. 

2 » — 1 

Prob. 91. Ans. 25*6 feet 

Prob. 92. Ans. 84*3 feet per second. 

Prob. 93. Ans. Condensation a> 0 001006; specific gravity — 1*001097. 
Prob. 94. Ans. Specific gravity «* 1*0487. 

Prob. 95. Ans. 0.5723 of a cubic Inch. 

B* 

Prob. 06. Ans. The pressure »PXj* 

Prob. 97. Ans. Pressure : Power =* 4050 : 1. 

Prob. 98. Ans. Pressure on the bottom ■« the weight of the liquid half 
the sum of the pressures on the four sides. 

Prob. 99. Ans. 0 5773 a, 0-2392 a, and 0 1835 a. 

Prob. 100. Ans. P : P' « 1 : 2. 

Prob. 101. Ans. As the height of the cylinder to fU rudlu*. 

Prob. 102. Ans. Pressure of water mm 1101*3 lbs.; pressure of wmrmej 


mm 7*48688 tons. 

Prob. 103. Ans. Let B «** pressure on the tri angles, tbs pres sure on tho 
kMbttaciMkaMiuni*. — i ^ + +y 


V i+ £ 



ANBWffBB TO FEOBUUCi. 


Frob, 104 Ant. 71801 gr». mm 1*0107 lbs. 

Prob. 108. Ana 1*88828 feet. 

Prob. 100. Ans. 14-4 Inches. 

Prob. 107. Ant. 600 lbs. 

Prob. 108. Ans. 0*08789 X weight of the Iron. 

Prob. 109. Ans. 11-60228 ounces. 

Prob. 110. Ans. Gold » 18*8102 ounces, silver » 8*1898 ounces. 

Prob. 111. Ans. The addition of 10 lbs. of lend weights under water to protest 
equilibrium shows that 209*6 lbs. of iron are concealed in the commercial lead. 


Prob. 112. 

Ana 

Prob. 118. 

Ans. 

Prob. 114. 

Ana 

Prob. 116. 

Ans. 

Prob. 116. 

Ans. 

Prob. 117. 

Ans. 

Prob. 114 

Ana 

Prob. 119. 

Ans. 

(both eases assume 

Prob. 120. 

Ans. 

Prob.*12L 

Ans. 

Prob. 122. 

Ans. 

Prob. 123. 

Ans. 


second =* 1*0946. 


5*0762 lbs. 

0*6028 diameter. 

138*637 cnbio inches. 

64*1832 cnbio feet 
478 688 tons. 

67*698 tons. 

0*9826 feet 

Volume of B 4796*84 cubic inches «■ 2*776 coble feet; 
a depth of twenty feet below the surface). 

Specific gravity *** 3 84. 

Specific gravity of granulated tin wm 7*288. 

Specific gravity ■■ 3*8093. 

Specific gravity of the first ■* 2*8 ; specific gravity of the 
The volumes of the two bodies are as 1 to 14-8. 


Prob. 124. Ans. Specific gravity «■ 8-13. 

Prob. 126. Ans. Specific gravity » *832. 

Prob. 126. Ans. 23 386 gallons. Theoretical discharge, 37*718 gallons. 

Prob. 127. Ans. Actual range, 16*187 feet 

Prob. 128. Ana. Actual velocity = 0 3833 theoretical velocity. 

Prob. 120. Ans. 10180 217 gallons. 

Prob. 130. Ans. 38,450 gallons, or 610 hogsheads. 


JVefe. In the formula, D ** 20*8 


4i 






all the quantities, H f d, and 4 


are to be taken In metres, and the result gives 2) in cublo metres per second. 

Prob. 131. Ans. 97*496 feet 

Prob. 182. Ans. If the actual height of the mercury is 1 inch, the height of 
the alcohol will bo 22 68 inches, difference of level 21-68 inches. 

Prob. 138. Ans. 63*68 miles. This problem involves the principles of } 172 
Ana. 8|6*1865 lbs. 

Ans. 1156 3 lbs. 

Ans. 0*0796 grain. 

Ans. 460*00437 grains. 

Asa Capacity of the globe mm 148*626 coble foot; specific gravity 
of gas ■■ 0*0767. 

Prob. ISO. Ana 31*7576 feet 
Ana 68 feet 
Ana 17*98 feet * 

Ana 6655 85 feet 

Ana Ascensional force with Illuminating gas, 868*4887 lbs. I 
asc e ns ional force with hydrogen, 473*0793 Iba 

Prob. 144 Ana Tba conditions of this problem require that tbs weight s t 
Iba hall.'i* should be nothing, or that the ballast shoal i have an \ 


Prob. 184 
Prob. 186. 
Prob. 134 
Prob. 187. 
Prob. 184 


Prob. 144 
Prob. 141. 
Prob. 142. 
Prob. 148 



ANSWERS TO PROBLEMS* 


fbfdi of it# own equal to the weight of the balloon, since, at the height l o Heated, 
If the eseloaed gaa could not expand, it would of iteelf he in equilibrium with 
the atmosphere. If one-half the gaa wero liberated the balloon would aaeend j 
ta make it remain stationary an amount of ballaat muat be added equal to the 
weight of the gas liberated, or equal to one- fourth the wolght of air which would 
All the balloon at the surface of the earth. 

Prob. 145. Ans. The tube will admit no water bj compression of the air. 

Prob. 146. Ans. 0 016 inch. 

Prob. 147. Ans. 45*10735 grammes. 

Prob. 148. Ans. 76*306 centimetres. 

Prob. 149. Ans. {f/, )/, {/, ftL 

Prob 150. Ans. 5 lbs. 10 os. 

Prob. 151. Ans. 0 09698 inch. 

Prob. 152. Ans. Four times as long. 

Prob. 153. Ans. 81054 feet, or a little more than 1| miles. 

Prob. 154. Ans. Velocity at 00° F. «■ 1150 091 feet per second, and* at 
— 40® F. «s 1007 091 feet per second. 

Prob. 155. Ans. 11*2 seconds. 

Prob. 158. Ans. In iron, 1 59 seconds; In wood, 1*03 to 1*65 seconds; la 
larbonic acid, 21*49 seconds; In hydrogen gas, 4*44 seconds; In rapor of alee* 
aol at 140° F., 21*44 seconds; In vapor of water at 154° F., 13 72 stoond*. 

Prob. 157. Ans. 27 minutes, 9 seconds. 

Prob. 158. Ans. 1677*45 feet in the most favorable position. 

Prob. 159. Ans. 422 feet. 

Prob. 160. Ans. 125*69 miles. 

Prob. 161. Ans. 13 seconds. 

Prob. 162. Ans. Distance « 2294 feet; velocity ■» 764 feet per second. 

Prob. 163. Ans. ^ of its length. 

Prob. 164. Am. 1O1^ 0 vibrations. 

Prob. 165. Ans. 3 408 feet. 

Prob. 166. Ans. E ; D# « 25 : 24. 

Prob. 167. Ans. ||i|. 

Prob. 166. Ans. It U higher by a wees. 

Prob. 169. Ans. The ebromatio semitone * lit) the grave ebromatio semi* 
lent — If. 

Prob. 170. Ans. 1800 best* per minnte. 

Prob. 171. Ana Vibrations per minute for one node, 66*56; for two nodes, 
188*13; for three nodes, 199*695; for four nodes, 266 26 vibrations. 

Prob. 172. Am. 263 57. 

Prob. 178. Ans. Reduce the length of the tube to 9*343 metres, 

Preb. 174. Ans. For C 1, 8*0405 feet ; D 1, 7*0989 feet ; B 1, 6*3107 feet; F 1, 
h*9262 feet; 0 1, 6*2214 feet; A 1, 4 6618 feet ; B I, 4 1022 feet ; 0 2, 8 8326 feet. 

Prob. 176. Am. 1 1 39 in., 10*03 in , 8 96 Ua, 8*3$ in., 7*37 In., 6 69 in., 6*6 in, 

Preb. 176. Am. F 5 (too flat), A 6 (too high by half a semitone), and 0 6 
(alee too. high by half a semitone). 

AT - 2672-4 .hi!. T » - JTW1 

,.| A' — S4JM whll. A & — Sill. 

a mm 4 AT— 4224-3 .hlto 0 • — 4J0M. 
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Pwh. 177. An*. 8 minutes, 14*79 second a 

Prob. 178. An*. 46 years, 186 days, 10 heart, 8 minutee, and 48 — e — l a 
Pitb. 179. An*. A* 1 to 2*. 

Prob. 180. Ana 90f per cent 
Prob. 181. Ana 22*86 eandlea 
Prob. 182. Ana 21*43 eandlea 
Prob. 183. Ana 80°. 

Prob. 184. Ana 18, including the. object UteU 
Prob. 188. Ana 0 { ^ incbea 
Prob. 186. Ana 7 2 incbea 
Prob. 187. Ana « *® r 

Prob. 188. An*. Onoe and a half the distance of the otyeot from the test 
sarface. 

Prob. 189. Ana 89° 49' 3", when the eye is 6 feet above the water. 

^rob. 190. Ant. 6 feet, 8 incbea 

• Prob. 191. Ana » bm 2. 

Prob. 192. An*. At a distance of 2*671 feet frog* tbe refracting surface, and 
on tbe same side as the radiant point 
Prob. 193. Ana. The aurftoe ia convex, and r ** 7*2 incbea 
Prob. 194. An*. On tbe opposite side of the lens at a distance of 3*134 inches 
Prob. 198. An*, r : i » 10 ; 242, tbe sarface of shorter ounratare being 
tamed towards parallel rays. 

Prob. 196. Ana 6*44 inches. 

Piob. 197. Ana A convex lens in which / mm 4 Incbea 

Prob. 198. Ana A double convex lens of crown glass r a 2*966 Inches, 

• mb 3*667 inchos, apd a ooncavo-plans lens of lint glass r* mm 2*667 inches, and 
s' mb infinity, i. e. the second surface is plana 

Prob. 199. Ans. They must converge toward a point batween tbe leases and 
distant J/ from tbs first 
Prob. 200. Ana 2 diameters. 

Prob. 201. Ans. r mm 0*449 Inohes, # mm — 1*236 inobaa 
Prob. 202. Ans. 161280 times tho light reoeived by tbe unassisted eya 
Prob. 203. Ana Illuminating power ■ 362880 ; penetrating power am 602*4. 
Prob. 204. Ana Illuminating power am 18226 j penetrating power m* 136. 
Prob. 206. Ans. Tbe illuminating power given by 160° aperture is 2£ timsa 
and tbe penetrating power Id times as great as that given by 100° aperture. 

Prob. 288. Ana Crown glass, 60* 43' 40" j plate glass, 66° 36' 26 '; flint 
glass, 67° SO' 13". 

Prob. 207. Ana Reflected by crown glass, 0*0726; by plate glass, 6*9788 ; 
by flint glass, 0*0889. 

Prob. 208. Ans. 1*644. 


Prob. 209. 


Degrees P. 

MB 

Degrees C. 

mm 

Degrees &. 

—40* 

fiw 

—40° 

mm 

— 82* 

— 4 

MB 

—20 

mm 

—10 

+168 

MM 

+70 

mm 

+66 

•4-194 

mm 

+90 

mm 

+W 

+442*4 

mm 

+828 

mm 

+1BM 

+771*8 

mm 

ts 

mm 

ilM 

+9TT 

mm 

mm 

±4B 

+1832 

MM 

+1909 

mm 

+B» 

+8982 

■■ 

i iiai i 


4-ttU-u 
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W 


Fioh, Sit. Am. Degrees C. 

8**87 

—40 

—10 

-fro 

+soo 

+800 

Prob. SIL Ana. 18^ time* 
Prob. SIS. Ana. 



Atiser. 

«... 

n*w. 

iw* r. 

Iron . . . 
Brass . . 
Copper . . 
Glass . . 
Platinum . 
Silver . • 

3 ft 1-99002 in. 
3 ft 1-98426 in. 
3 ft 1 98660 in. j 
3 ft 1 99032 in. 
3 ft 1*99263 in. i 
3 ft 1*98387 in. 1 

8 ft 1*99376 in. 
8 ft 1*99016 in. 
Sit 1*99093 in. 

3 1-99678 in. 

3 ft 1*99333 in. 

3 ft 1*98992 in. 

8 ft 2 00623 in. 

8 O 2-00984 in. 

3 f t 2*00906 in. 

3 ft. 2-00403 in. 

3 R. 2.00406 in. 
3 0.2-01060 in. 

3 0. 2*01248 In. 

3 0 2 01968 in. 

3 0,2 ©1812 in, 

3 0. 2-00670 in. 

3 O. 2.00933 in. 

3 0 2 02014 in. 


*• Degree* F. ■» Degrees R. 

— 88 ° *006 «* — 3*000 

—40 an —31 

— +14 — — 8 

— +107 — +00 

an +634 n* +232 

— +080 an +288 


Prob. 213. Ana. 1 002672 gallons. 

Prob. 214. Ans. 0*134 Inch. 

Prob. 216. Ana. 41®-61 Fahrenheit 
Prob. S10. Ana. 0-04728 in. 

Prob. 217. Ana. At London, steel 02 03378 In.; brass 63-70322 in. 

At Paris, steel 92*90864 in.; brass 63*77801 in. 

At New York, steel 92-8431! in ; brass 63 74073 In. 

At 8t P.etersburgh, steel 93.00482 in.; brass 63 83434 In. 
Prob. 218. Ans. (1.) 30-0767 in.-, (2.) 29-42076 in.; (3.) 27 8076 in ; (4.) 
18*1778 in.; (6.) 23*168 in.; (8 ) 24-681 in.; (7 ) 17 4228 in ; (8.) 16 836 in. 

Prob. 219. Ans. (1.) 24-0962 in.,- (2 ) 27 68613 in.; (3 ) 28-74628 in.; (4.) 
19-639 in. 

Prob. 220. Ans. 112-688 grains. (Calculated by Table XXIV.) 

Prob. 221. Ans. 122°*76, 246°-6, and 368°-26 above its previous temperature. 
Prob. 22S. Ans. 1220*367 enbic feet 

Prob. 228. An*. Water, 6600 unite; sulphur, 724-6 units; ehareoal, 9817*7 
wilts; aleohol, 626 units; ether, 922 unite of heat. 

Aete. Specific heat of ehareoal =* 0-2416; of aleohol (8p, Or. 0*8^) ass 0*7 4 
•father (Sp. Or. 0 78) -» 0 88. 

Prob. 224. Ans. 68* 629 Fahrenheit 

Prob. 226. Ana. 4| lbs. at 200°, and 15* lbs. at 60* P. 

Prob. 220. Ans. 88*39 F. # 

Prob. 227. Ans. 166* 88 F. 

Prob. 228. Ans. 70* 7* F. 

Prob. 229. Ana. 10-837 lbs. 

Prob. 230. Ans. 0*828 lb. 

Prob. 231. Ans. 9*28 units of boat (as In Table XV.)< 

JYele. The tewparatnra of the water was raised to 62**98 F. instead ef 29 # *t9 0. 
Prob. 222. Ana. Required for air, 0 831 aait; for oxygen, 9 843 unit; 9f 
sarbouio aeid gas, 27 879 units ; for hydrogen, 0 8236 nnlt ef beat 
Prob. 233. Ana. 3993 94 units of beat By ftabia on page 46L 
Prob. 234. Ana. 1174-4 units of beat 
Prob. 236. Ans. 29-999 inebas. 

61 * 
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Prob. 236. Ans. With aleohol, 26*742 In.; sulphuric Mid, 22-66 la.; (at U* 9. 
th« tension of vapor of sulphuric add it too littlo to make any perseptible difer- 
mm ;) oil of-tnrpestina, 28*79 inches. 

Prob. 237. Ant. Tension of vapor of water at 50° F. = 0*338 in. mercury ; 
at 73° 0*884 in.; at 110® — 2*582 in.; at 173° — 13*673 in.; at 220° *» 33*661 

fat.; at 263° mm 78*619 in.; at 300° « 136*742 inchet of mercnry. 

Prob. 238. Ant. Boiling points of water at the gi ren pressures mm 213**802, 
211 **709, 210°*794, 208°*679 l 207°*808, 200°-51 F. Boiling points of ether at 
the tame pressures *» 93° 786, 93° 72, 92°*83, 90° 83, 89°*83, 81°*22. BoUing 
points of alcohol at the same pressures, 174° 33, 172°*24, 171°*34, 169°*31, 
168®-31, 162°*13. 

Prob. 239. Ana If the temperature is not allowed to change, a part of the 
steam will be condensed and the tension will remain unchanged. In the second 
ease the tension will be reduced to one atmosphere. 

Prob. 240. Ans. 437° F. to 460° F. This tension exceeds the limits for 
which accurate data are given. ' m 

Prob. 241. Ans. 12 flues. 

Prob. 242. Ans. 13 flues. 

Prob. 243. Ans. The two forces are to each other as 1 to 10*974. 

Prob. 244. Ans. The intensity equals of its original force; and L mm lfr. 

Prob. 243. Ana The intensities are as 1, 1*026, 1*034 and 1*039. 

Prob. 246. Ans. The intensity would be increased 1*9 timet. 

Prob. 247. Ans. The intensity is increased by one-third its original amount. 

Prob. 248. Ans. The intensity is increased by two-thirds its original amount 

Prob. 249. Ana The intensity is increased to 1*16 what it was before. 



INDEX. 


[m umnren m> ro ascnoKs, wot to raot*.] 


AanuuTum, chromatic. 466 ; of glass encore, 
610; of Ivnrn*, 464; of mirror*, 437; of 
iphtrMty, 466. 

Absolute strength, 170: aero, A 66. 

Absorptive power fur heat. 637. 

Acramuleted electricity. 843. 

Achromatic microscope, 608, 611; 

604. 

n, 466. 

Acoustics, 336. 

w. 360. 

Action and reaction. 27; of a falling body, 77. 

Action of a double convex lens. 44? ; of bent 
on matter. 666; of misrnetiam °*» light, 919; 
of surface* upon lioL 

Actual and theoretical velocities, 144. 

Adaptation of eye to distance, 480 ; of power 
to weight, 1 10. 

Addenda, page 668. 

Adhealon distinguished from cohesion, 147. 

Advantage of friction. 141. 

Aerial phenomena, 067 ; waves, 33*2. 

Air, buoyancy of, 368; Impenetrability of, 260; 
inertia ot, 260; pump, 287; vibrating in 
tubes. 870. 

Amalgam. 834. 

Amalgamation of plates, 868. 

American electrical machine, 896; turbine, 
231. 

Amorpbfem, 162. 

Ampin, diacoverlea and theory. 008. 

Afnamrnient with electricity. 640. 

Analogy of light and heat, 766. 

Analysis of central forors. 64; of color*. 468 ; 
of light, 466; of light by absorption, 468; 
by prtacoa, 466; or tralna of wheel-work, 
1*7. 


Aneroid barometer, 164. 

Animal electricity, MS; bent, < 
strength, 130. 

Annealing, 178, 


• of, 766; 


Apparatus. Atwood's, 72; Bobneuberger’s, 66; 
Jar condmaatlcm of gaasa, 600 ; far distil la 


Appendix, meteorology, 046; adder da, m 
«kA; physical table#, page 66 0. 

Application of laws of falling hod tee, 78; 
levers, 1)6; of pendulum and measure 
time. M; of polarised light. 663; of 
thm. absorption, and radiation, 640; 

* “ ; of v 

of colors, 400 : of distance, 481. 
>72; solutions, 

mom i 

Archimedr*, theorem of, ; 

* 2 tn*. 

Arrhtmtdn’ screw, 208. 

Are. IN. 

An 

Artesian wells, 

Artificial magnets. 803; t 
Ascent of liquid* In tubes, 1 
Astatic needle, 7 *7 
Astronomical I 
Atlantic cable, 927, 

Atmosphere. 2f>6; free electricity In, 861. 
Atmospheric electricity, 860; a source of best, 
747. 

1c engine. 708; magnetism, 800; 
267 ; measure of, 26t ; refraeUon*. 


o^aroasetsg, 5 


Attraction and repulsion of light bodies, 881. 
Attraction, electrical. 812; esperimenta, 862. 
Attraction, magnetic. 780 
AtvmnCt apparatus. 72 
Auditory organs of men, 383. 

AuguA t h r geometer or peyrhrometsr. 978. 
Auroral current, reversal of polaHty In, 1062, 
Auroras 9W; effect on telegraph wires. N9| 
grog rsph had distribution. 887 ; h right mi 
trmi ucnrr. 986; magnetic disturbance, 882 
remarkable, 996. 

hiiwf! eg pertinent Ml IHstfan, 142. 

■ ‘ and. 476, 

A/fa's telegraph. 928. 

Balance, spring. 37. 

carve. 146; psndnlnm. 121 
1,273. 
i min. 217. 

Bath, tampering by, 178. 


Uu 
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Barometer, autrold, 161; at different site 
iadae* 966; cistern, 906; ermstrocikm of, 
963 ; correction for temperature. 699 : error* 
of, 969; Fortin's. 266; Gay Unwec’s, 2b7; 
measuring heights, 972; metallic, 163 ; prin- 
ciple* of, Illustrated, 964 ; wheel, 94. 

Barometric change* and tba wvailtar, 271 ; 
height, variation* of, 270. 

Batteries, ttmee* 671; trough, 870; voltaic, 
660-681. 

Beams, flexure of; 162; lateral strength, 172; 
of light, 401. 

Beating. 376. 

“» hydrometer, 212. 

Bat Iowa. r f 

Blasting by electricity, 937. 

Bwiy, defined. 1. 

II' hn*nbrrfftr f $ apparatus, 66. 

Binocular vIMjmi, 484. 

Boiler for Gold's steam-beater, 733. 

point. 669; application In aria, 678; 

676; ‘ ‘ 

Mttred by, 679. 

‘ i metalllr li urometer. 163. 
t American turbine, 231* 

.76. 

Bramah press, 190. 


metalllr thermometer, 680. 
Brightness of ocular image, 473. 
tubular bridge, 172. 

, 177 . 

Bronae tempering, 173. 

Btuunm't photometer, 414. 

Buoyaucy of air, 268. 

Buoyancy of liquids, 206. 

CaMRUIMIK TfLSSOOFB, 606. 

Camera lurida, 618. 

Capillarity . 232; general flirts In, 283; 
source of bent 741 ; influenced by curvo of 
surface. 2S6; laws of; 237. 

Capstan, 110. 

Calorimetry, 660. 

Camera obwrura, 617. 

Carbon battery, 876. 

Cartesian devil, 906. 

Catoptric*. 416. 

Caustte curve#, 437. 

Oentiiimdc thermometer, 670. 

Centimetre, 18. 

Central force*. analysis, 64. 

Centre of gravity, 60. 62; Ig^hodla* of unequal 
density. 68; of regular figures, 64; without 
the body. 66. 

Centre of hydrostatic pressure, 197. 

Centre of oerillstlon, 83. 

Centrifugal and centripetal twees, 69. 
Osatrifugal drying mschlui, 63, 

Centrifugal forces, damoastratkm, 63. 

Chain pump, 297. 

Change of density, 169. 

Chari of maguvUc variations, 789. 

Chari of Isoclinal Haas. 794. 

Chem ica l affinity and motemlar attraction. 
900; comtdoatfon, 748; efforts of the pUe, 
hUtory, 988; force, 6; aourree of heat, 748- 
167: nnlon by electricity. 866. 

C he mistr y, relation of tnjphystcs, 9. 


Chromatic aberration, 466. 

Chromatic diagram, 491. 

Chromatic polsrtacopa, 667. 

Chromatics. 466. 

Chronometers, compensating balance urhaal* 
696. 

Cistern barometer, 966. 

Clarke' t magneto-electric apparato* 988. 
Cleavage, 167. 

Climates, climatology, 947. 

Clocks, electrical, 928. 
t Clothing, relations to heat 626. 

Clouds 978; cUmlflcation of, 979. 

I Coexistence of sound waves, 338. 

Cohesion among solids 147. 

Cohesion and repulsion, 146. 

Cohesion iu liquids, gases, and solids, 148. 
Cold, apjwvnt radiation of, 634. 

Cold by evaporation, 681. 

Odor dependent on temperature, 768. 

Colored polarisation. 666 ; rings in crystals, 668 
Colors, analyst* of. 468 ; Chevreul's daaslflcn 
Uon of. 491 ; complementary- 469; of grooves 
platen, 636 : of thin plates, 629 ; study oC 403 
Columns, resistance to pressure, 171. 

ComM nation of waves. 327. 

Combustion, a source of heat, 749; causa of 
beat In. 760. 

Comparison of different thermometers, 676. 
Compaaa, mariner’s, 787. 

Compensating balance wheals, 696; psadm 
luins, 696. 

Complementary colors. 469. 

Component* and resultants. 44. 

Composition of white light. 467. 

Compound chord*, 372; crystals, 136; lanaa* 
46t); levers, 114; axamples of, 116; inter* 
scope, 496; achromatic, 611; motion, m 
pendulum, 88; pulleys, 120. 

Cum pressed Kanes. escape of. 283. 
CompresKlbllUy, 21; of gaaea, 274; of liquid* 
188. 

I machine, 288. 
l a source of heat, 739. 

Concave lenses. 448 

Qwiceve mirrors, 426; fbel of, 427-431 ; Imam 
by. 433. 

Condensation of gases, 689, 690. 

Condenser of Jlptnua, 844. 

Conduct tbUlty, clothing. 626; of crystals. 616; 

of. 622. 623; of gases, 620; of 
liquids, 619; of metals, 616; of pqwder* or 
{ fibres, 624: relative, of solids. liquids and 
! gases, 621 ; of solids. 614, 622; of wood, 617. 
i Conduction of heat, 613. 

■' ‘ mirrors, 636. 

Constitution of liquid veins, 222. 

Construction of barometers, 963; of . .. 

instruments, 386; of tformnoiaters, 663. 

1 Convection of hast, 626; of heat in liquids, 637. 
Convex • - " * ^ 

Convex mirrors. 498,433; images by, 43k. 
Cooling by radiation. 032 
Copper, tempering. 178. 

Conte. vibratioo of. 308. 309. 

I Corollaries, on centre of gravity, 63. 

Onronae. 637. 

i Correlation of forces, 768. 

Ckmltmb on rolttug friction, 136; on 
friction. 138. 

ChwJsmh’r electrical law* 119; lawn 

i 166 . 
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Cry»taH*ati<m by Ml* eomnt^ MB. 
fc?atak>gniphy, Ul. 

Crystal* conduct hast, 616 ; form * of 168, 1M; 

potitivo aad negative, Ml. 

Cubical expansion, 690. 

Culinary paradox, 977. 

Currents, in air ami nan, 710; Indues* by 
magnet*, 933; In il* ocean, 628; of elec- 
tricity, path and velocity of, 818; produced 
by Ice, 724. 

Curve, tint Untie, 148; Influence In capillarity, 
230; of liquid •uribce*, 234; of awiftett d*> 
event, 70. 

Curvilinear motion, 81. 

Cutoff, 712. 

Cycloidal pendulum, 86 
Cyclone*. 968. 

Cylinder electrical machine, 834. 

constant battery, 874 ; hygrometer, 
973. 

Dark linee In spectrum, 401, 462. 

Dee] (nation of magnetic needle, 788. 

Decimetre, 18. 

Deep-sea thermometer, 681. 

Deflagration. 886. 
fit La Rive'i floating current, 909. 
Demonstration of Torricellian theorem. 220. 
Density, 98; changed by tension, 169; ■ 

611 ; of the earth estimated by eapt 

102; of vapors, 693. 

'waves, 322. 

>n of mercury In tube*, 238. 
on curves, 76; on inclined planet, 74. 
fieqprtlt' » “* 

Dealructive effect* of Impact, 112. 
Determination of reflective power, 636. 
Deviation of light twice reflected, 423. 

Dew, 976; on what it fella, 976. 

Dew point 674. 

Diamond jar. 861 
Diapason, 377 ; natural. 396. 
jp.«ibertnaney . 041; application* of, 047 ; 

which modify. 046. 

Differential thermometer*, 687. 

IHttrartion, 631 

Dilatation "by heat explained, 709. 

Dimensions of the earth, 91 

Dipping needle, 793. 

Direction of flarra, 40; of osmotic current 247; 
of terrestrial attraction, 60 ; of vibration* of , 
v : .641. | 

Directive action of the earth, 911. 

Dispersion of light 400. 

Displacement of aero point 673. 

Disserting microscope, 496. 

Distance calculated by sound, *346; of distinct 
vision, 478; that sonnl mm he heard, 361. 
Distillation. 080. 
pietitUfig apparatus, 08T. 

Double dlatoola scale, 873; refraction, 660; 

polarisation by. M2; vision. 483. 

Downward pressure of liquids, 

Draught in chimneys, 711. 
finD of liquid* In wuieal tube*, 241 


; Pmfomq'j electric lantern, om 

i Ductility, ’l 75. 

1 Duration of viana? Imprvmtona, 487. 

I Dwelling*, supply of fhuh air, 720. 

! Dynamical electricity, 862; theory of heat TM 
; Dynamics, 39; Dynamometers 37. 

I Orth’s rotation. effect of, upon gravity. 94; 
; demonstrated by the pendulum, 80. 

, Ebullition, 675. 

Echo. 363 ; tone changed by, 366. 
j Bchoes repeated. 364. 

] Effect* of centrifugal Ibree, 68. 

XlMtlc Imlls Ira h«iu it shock, 166; bod ten jn 
pact or. 1H2; fluids, ““V 
itidty. limit of. UI8; modulus of, 183; of 
flexure. 162 ; of liquids, 188 ; of metals, table, 
161 fof solids, 1 Ml; coefficient of jrt| ; often- 
I *ton and compression, 160; of torsion, 106. 

! Electric battery, 849. 

( Electric currents, induced. 929: light !u a 
vacuum, iK)6; mutual action. 909 
Xlectric discharge, effect* of, 86*1 j I 
862 

Ww trie light, properties of, 88ft ; regulators of 
88 i ; notation about a magnet, 930. 

Xlertric spark. color of, 862. 

"leetrlc telegraph, bhtory of fell ; Moree’e rw 
cording, 924 ; varieties of, 923. 

Electricity 

effects. RftX ; chemical union hy.flMl; classV 
float l«*n. 7*3; conductor* of 814 ; riba ttarg* 
in ca-w»<h\ Kfth; disguised 843; tlldriUitlnn 
of 626; dynamical, 8412 ; dyuainbal con- 
verted Into statical, 933; earth a reservoir 
of 816; floating -urnnit, 909; fln»m all 
source* Identical, 939; from «h«atn, K39; )oa* 
of In excited IkihIIou, 8*27; magnetic. 774; 
mechanical tiffed*, 867; only on outer sur* 
fece. 824 . tif plant*. 945 ; positive and nega- 
tive, 81, 3; of the air, 9*7 ; physiological 
efforts, HM ; theories of, Mfi; theory of 
voltaic, 803 j uni ret «al discharger of 861; 
velocity of 8|8; vitreous and rerioou*, 813, 
Electrical amoertn«uta 840; animals. 944; 
attraction and repulsion, 812; Mis, 842; 
bla*ting. 837 ; cascade in vacuo, 936; docks, 
928; condenser, discharge of f ; effect#. 
Ml; egg, 862. \ 

Utllvtf- 

aallty of. 940 ; various sources. 

Sactrteal Are alarm, 928; halhaUtrui, 842; 
helix, 910; induction, 82N; lamp. Volta’*, m, 

| Electrical machine*, 834-83MI; rare of, 888 ; 
theory of. 84 i. 

datura, 892 : pemlnlut 

UrdatWoK 880; wheel. 842 ; tension SMI MP 


Klvctrr-de, rlertrolyh 
^ _ il. 910. 

. general laws, I 
s of 890; of 

wafer, 889 

XOeetro magnetic current*, motion of 894 
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gold leaf; 846; tcrriou.m 

JHaetropboras, 839. 

and electro-negative, 887. 
Electro-priDtlng telegraph, 988. 

JBIaitroecopea, 813. 842. 

Kleetrneeope, Botmenbergur’s, 8T3; ToltaV 
condensing. 8441 
Electrotype, 898. 

‘ ventilator*. 726. 
power for brat, 638. 

Element* are simple bodies, 1 
Emlices screw, 12V. 

Kudoamose, 244 ; of gases, 260; tb«ort«« of; 25) 
Kndoamomrtcr, 246. 

English and American aright?, 101. 

English unit* of length, 17. 

Bclplla, 704. 

Eplpoilc dispersion, 633. 

Equatorial telescope, 606; Cambridge, 606. 
Equilibrium, 88: ronditknsof. In liquid*. 199; 
neutral, uuatablH, and stable, 207 ; of bodies ; 
supported In more than on« point, 09; of 
machines, 107. j 

Equilibrium of liquid*, bet wean laminin, 240; ! 
fr*'t* from gravity, 800; to communicating ! 
vessel*. 3ul ; of different densities. 802. j 

Equilibrium of nollda placed upon a hortxou+sl ' 
fare, 67 ; supported by an axis, 66. 
Kqnlllbrium of the lever, 114. 

Error* of barometer, cause* of. 269. 

Escape of compressed gases, 283; of liquids , 
through tulwR, 223. 224. 
fiaaential properties of matter, 12, 

** * “in of high temperatures, 686. 
Eustachian tube, if' 

ng (w>wer of fuel, 716. 

Evaporation, cause* influencing, 673; oold by, 
_ 681 ; mechanical force of, 684. 

of compound lever*, 116. 

. 244. 

and compressibility, 610, 

. i, amount of, in aolld*, 691 ; apparent 

ami absolute. 698 ; coefficient of, 591 ; cubical. 
690; curve of, for liquid*, 602 ; force exerted 
by, 693; Increase* with temperature, T~ ' 
linear, 689; - 

£xpnn«lon of 863, 606; Keen a nit’s re* 

suit*. 607. 

don of liquid*, 697 ; abort) boiling, 602 ; 
amount of, 601 . | 

Expansion apparent of mercury, 600 ; of mer- 
cury, coefficient. 698 ; of solid*, 689 ; of water, 
604 ; phenomena of, 694 ; unequal, of solids, 
696. 

Experiment a enures of knowledge, 2; hydro* 
Static pressure, 194, 

Experiment* of Ifespreta. 276; of rascal, 194, 
262 ; of Plateau. 200; of Kegnault. 276. 

i on density of Um earth, 102; on 
liquid am" 

_ , . causa of, 701. 

Bxteuaion. 13* 

Extremes of temperature, 744. 

“ , action of. on light, 469; adaptation to 
662; structure 

of, 408. 


I (to totarfcfea*) versus theory, 828. 
wftattt hydrometer, 212; thermometer, 
876. 


Fairbanks tales, 111. 

Felling bod ee, laws dt, 71. 

Falling body, action anl r e eot io n o£?7) i 
described by, ~ 

* / nomenclature, 882. 

Fkraday os liquefaction of 
Fire-alarm, electrical, 928 
Fire engine, 294. 

Fire regulators, 694. 

Fixed lines in spectra, 461, 462. 

Fixed pulley, 118. 

Flexure of beams, 162. 

Floating bodies, 206; equilibrium o£ 288. 
Flouting current* 999. 

Floating dorks, 206. 

Flow from capillary tubes, 248. 

Flow of liquids. 218. 

Flow, throrettanl and nctual,216. 

Fluid*, 186; resistance of; 148. 

Fluorecsence, 633. 

For) of lenses, rom pound. 450; concave, 448} 
convex. 447 ; principles, 446; rules for, 449. 
Fog-lows, 637. 

Fog*, or mists. 974. 

Foot-pound a measure of heat, 769. 

Force and heat, relations, 768. 

Force, chemical or physical, 6; definition <d* 
36 ; developed by evaporation, 684 ; direction 
of. 40; of expansion, 693, 603; of gravity, 
68 ; nnlt of. 37. 

•'orces are definite quantities. 36. 

Forces, centrifugal and centripetal, 62; i 
relation of, 768; not parallel applied at dil 
6* rent points, 49; measure of. 41 ; parallelo- 
gram of, 45; propositions In regard to, 42; 
resolution of, 60; statical and dynamical, 
T. 44. 

Forcing pump, 292. 

Forms of crystals, 163; of mirrors, 417; of 
vibrations, 307. 

Formula, achromatism. 467. 

44 altitude* by barometer, 272. 

44 apparent expansion of mercury ,606, 

44 central f >rre*. 64. 

44 rlmuqe of volume In 

n, 699. 

compound lenses. 460. 
onneave lenses, 448. 
concave mirrors. 428. 
convex lens. 447. 

44 convex mirrors. 432. 

correction of barometric bright, 899. 

w. 129. * 

escape of liquids, 223* 224. 
expansion of liquids, 698. 
expansion of solid*. 691. 
flexure of beams. 162. 
flow of Uquids, 216. 

Inclined plane, 122-124. 

Index of refraction, 440. 
light twice reflected. 423. 
magnifying power of learns, 494. 
513. 

motion 

Newton’s, flir Velocity of sound, 668 
optica) centre of isna ca. 462. 
pencil* of light refracted ul ] 

« pencil* of tight _ 

plane glass. 444. 

44 pendulum, 81, 82. 

44 p en etra ti ng power of taleumpMb— f « 
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tomb* puDay, lift* 130. 

44 refraction at aphertral rarfittwa. 446. 

m rrfmciion by pantile! needle. 443. 

** ruixtkm of column, temperature, 

end preraura la |mm, QUO. 

* •ere*. 137. 

** tperlAc gravity. 310, 211. 

« epeHfle beet. OM. 

* xptterl el aberration of leneee, 404. 

M standard thermometer, 677. 

** xtnrngtb of le atna. 172. 

** uniform motion. 30. 

M variable nt'itbm. .Yd. i 

* variation of gravity by rotation of 

the earth. 04. ! 

* variation of gravity In altitude, 05. 

91 variation of gravity in latitude, 90. 

* velocity after impart, 1H4. 

“ rrlndiy of diarharg**, 2JU. 

“ Telocity of light, 4t»4. 

* velocity of erlnila. 961. 

** vllwatloti of air In tutwe, 304. 

* Tieual power of teleecopea, 607. 
/WtVi barometer, 206 

FbuotuWt apparatus 404. 

Fmnltin't kite. 8wo; pul** glaaa, 077. 
Pnxunh(\ftr'$ dark line*. 461. 

Fleeting in red hot crucibles, 090. 

Freexlng mixtures. 667. 

Freexlng point. Mill. 

Fre«h air in nwellltiffa, 720. 

Frtsmi lens. 621 . 

French system of measure*, IK; weight*, 100. 
Friction, advantage from. 141 ; during motion, 
138; heat from, 736, 736; sliding, 137 ; atari' 
log. 138. 

Frictional electricity, 809. 

Fm-t, 977. 

Fuel, evaporating power, 71ft; relative value 
of. 763. 

Function* of the ear. 394. 

Furnace blower*. 2H2. 

Furnaree f<>r hot air. 729. 

Fusion. law* and heat of, 468; peculiar In 
eome solid*, 669. 

Ouvavic battery a mlanoroer, 844. 

Galvanic, rurr»*nt. »4.‘k 

Galvanism, dboovery of, 842; contact theory, 
863. 

Galvanometer, 906 ; aloe compass, 904. 

Gamut 804. 

Gaa illumination, produrta of, 721. 

43a* jet, biuajcal note, 3V2. 

Gaea*. 262; and up«r». IdentltT of 688; com- 
preeelblllty of. 274-277; romluctibiltty t»r 
neat 620 ; density of. 61 1 ; expansion of. 263 ; | 
expansion by bent 0n&; law* of expansion. 
406; liquid and aotld, properties of. ( 101 ; 
mechanical condition of. 264; tran*ndt 
preratire. 266; relation of volume, temper#' 
tore, ami prea*ure, 609; minced to liquid*. 
689; aparlflc beat of, 062, 463; volume of, WJk. 
Gatnal't cascade. 936. 

Oujr Lu*»u<f» barometer, 247; hydrometer, 
912; law* tor expansion of gasm, 606. 

Ohm temper of, lift. 

GfwUfs. SIM. j 

(Mcfr at earn heater*. 732. 

GradoaGon of ibermometeva, 64ft. 

0r«Jkam'$ compenaatlag pandolam, 604. 


Cfravltv, 68 ; a mures of motion, 70 ; aMati . 

by Mm aartb'a rXatloo, 94; Inflneoead by lea, currents produmd bf, til 


the earth** ft* are. ftl ; lateaMty rart a* with 
i latitude, 90 ; mraeurrd by the paudulwas. 

I 88; varied by altitude, fti: ^ 

Gridiron pendulum, 694. 

I f^i roer* battery, 871k 
| Gyroscope, 67. 

I UtoufT’a sextant, 43ft. 

' Mail. 9*4. 

Ilahm. $37. 

) llatunterlng, 17ft. 

' Hardening 178. 
t llardiu-a, 176. 

ilarr't celnrlmntor, 870; dsflagratsr, ffft| 
! electrometer. 846, 

' Harmon v. melody, 366. 

H«rn»m't comp>'ti»xtlng pendulum, 194. 
t Heating. 341 ; of animal*. 394. 

Heat, action of. on mailer. 666; amount by 
client ti a) action. 761; and force, relation* 
of. 758; and light, analogy of, *06; and 
light, by chemical amt met ha ideal action, 
768; cau»e of. in animal*. 760; caura* which 
modify mnlaalve. alwnrlwnt. ami refterllv* 
power. t39; change of atatc ill laaiira, 764; 
coloration. 640; conclusions. 772; cumlmv 
t but of. 6)3; mn vertlmi of 626; developed 
bv M>)ldl0ea»i«ti», 003; diffract Ion and Inlet* 
ferewre. o4t>; dynamical theory, 762; ex pan* 
Mon of gnaea by. *481; expansion of liquid* 
bv. M*7 ; cxpaoaloti of rolld* by, 689; nrotn 
magnetism. 918; talent. 656; tnwhanfeal 
equivalent. 758. 7 WO: noTlianlral unit of 
no a«u return! . 769; nature of 504 ; of mm. 
hu»iift|i 74W. mialea of coinniutilcatbiu. 612, 
of capillarity. 7 41 ; of rhrtnfral action, 748; 
of mm proa* Inti. T3W. of friction. 736-738; 
of fu«d»n. 06N ; of humid corn M oaf km* Tft4j 
of |Mfrcua*|oti. 740; of vidtaic arch, 884; of 
▼oltak* currenta. 887 ; origin of t**rr«*«trlal, 
746; potarixation of, 6 49; quantity and In* 
tenuity. 771; quantify developed by fr|#« 
lion, *30; qoidity of, how changed. 7*0 1 
radiation of, i.-.’W; reSmtlon of, 036; refrao 
tk»n of. 648; r» la I ion to rold. 606; qadftx 
4M ; tranand-aioo of radiant, 641 j noil w 
66U ; uni »er»nl radiation, 633, 

Heating by hot Water, 7i8*. 

IMght mca*ur«d by barometer. 272L 
Ili'litliU nicaaure*! »<y ladling water, 07ft. 
Helix, electrical, 910. 

//wm'i b unfatfi. 296. 
liijrli pre»» ure engine. 711. 

High prca»urc at earn, 640. 
florae ;a *v»cr, 7 14. 

Ilnrr* power tnachlnea, 132, 
j Hot air furoarea, 729. 

I I'd water apparatus 731. 

Hnu*** teiegrapii, 926. 

HuniMliy of the air, 972. 
llurrvaRM. Mid. 

Hvdraulic ram. 294, 

Hydraulic*, 2)3. 

Hyilrndynamira. 184. 

Hydrometer*. 2)2. 

IlyrlneUtic paradox, 19ft. 

Hydrostatic preaa, 190. 

| Ilydroetatlca. 184. 

! Hygrometer*, 973. 

: llypwtlweta deflnwd, ft. 
liypwomaUrr, 079. 
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Iao machine, Twtohg'i, 681. 

IltoaiMtloo of nlhnji, 620. 

Illumination, prodoHi ot, 781. 

IUuminatkm, tofldciMj of, 477. 

Illustration of fii *W«, 111. 

Images, by mncift mirror*, 433; by «mr«r 
alrmn, 4.76; by pbnc mirror*, 410; by 
•moll aperture*. 412; by inclined mirror*, 
422; by two plane mirror*, 421: distortion 
of 466 ; formed by lenses. 463 ; io the eye, 
Inverted, 470; multiplied by two surfbaw, 
490; virtual. 434. 

Impact and ita results, 112; m related to els 
viva. 112; in relation tc momentum, 112; 
of elastic bodies, 132. 

Impenetrability, 14. 

Impenetrability of air, 260. 

Imponderable*, II. 

Impression* of light and heat, 766. 
Inrandeaceoce, 707. 

Inch of water. 221. 

Inclination map. ianrllnal lines, 704. 

Inclined plane. 121-124. 

Index of refraction, 440. * 

Induced currents, different order*, 030. 
Induced eurreuta from earth'* magnetism, 
032. 

Induction an act of contiguous partible* 330. 
Induction roil of lluhnikoriT, 033; affect* of, 
034. 

Induction, electro-dynamic, 020; of a current 
on itself, 030; of electricity , 828 ; of magnet- 
ism. 783. 

Inductive philosophy, 4. 

Inductive power of earth's magnetism, 707. 
Inertia. 20; of air, 260, 

Inflammation by electricity, 866. 

Influence of thecerth'* figure upon gravity. 01 
Intensity of aerin! wavee, 832; of light, 413; 
of luminous, calorific, and chemical ray*, 
40 1 ; of many couples, 331 ; of radiant heat, 
631. 

Interference colors, 620: of light, 627; of 
sound. 349; of wave*. 327, 328, 
Intermittent fountain, 286; spring*, 286; sy- 
phon, 286. 

Internal ear, 303. 

Internal reflection of light, 408. 

Interval in music, 871. 

Iona, 882. 

Irregular reflection of light, 410. 
hueimwiim of the pendulum, 80. 
Isochronous vibration*, 303. 
lsndynamlc lines. 796. 
leogonal linen, 789. 

Isothermal lines, 066. 

Java of water, 226. 

JaAaaua on strength of materials, 170. 
flbnfe’* experiments on hast, 760, 761. 

K at noooooPB. 494 
Kalychrumatto*. 464. 

Key-note of nature, 836. 

Ki l om et re, 18. 

Lauihs, 388, 

Latent rkeuWit, 848. 

Latent heat. 666. 

Latent beat of fuskm, 868; oft earn, 681 
Lateral strength of beams. 179. 

Late nt ** law ter mu% 088, 

Law, dafluttlou < JT 


\ Law of cooling by ndinau, 838; at latNg 
i 692; of universal gravitation, 69. 

1 Laws of acoustic* determine specific heat, 068. 
| Laws of Bernoulli, 364; of catfliarity, 287; 

of capillarity between laminae, 240; nfelafr 
{ trtcal attraction and repulsion. 819-622; of 
! electrical induction, 829 ; of electricity and 
! chemical action, 898; of electrolysis, 800; 
! of electro-dynamics, 902; of electro-magnet- 
ism 
73; 

Oht 

971; of tenacity, 170; of torsion, 166. 

Length of luminous wave*. 631. 

Lenar*, 438; compound, 460; concave, 448; 
convex. 447 ; image* termed by. 463 ; optical 
centre of 462; refraction of oblique pea. 'Us 
by. 461 ; rules ter foci, 449. 

Le Roy* i dynamometer, 37. 

Lever, 113; application of, 116; equilibrium 
of 114. 

Leyden jar. 847 ; electricity in, 848. 

Life an unknown power. 10. 

Light, action of eye upon, 460; amount re* 
fleeted. 407 ; and heat, analogy of. 7d6 ; and 
heat by chemical and mechanical action, 
768 ; changed by polarisation. 643; color of; 
depends on temperature, 768; diffused. 410; 
direction of vibration*, 641 ; heat aud elec- 
tricity are forces in nature. II; in a homo* 
gene* xu medium. 4U3; influenred by mag- 
netism. 919; internal reflection, 408 ; irregu- 
lar reflection. 410 : length of vibration*. 631 ; 
nature of. 39H; pencils of. pausing through 
plane glass, 444: pencil* of. refracted at 



by refraction. 647, 648; properties of. 406; 
total reflection of. 409; rays, pencils. I teams, 
401; refracted by pamHel strata. 442; rein* 
tion of Indies to. 4tt0 ; sources of. . w 0|> , trsna- 
oii*si**n of vibration*, 642; velocity of, 404. 

Light- bouses. 622. 623. 


916; of falling bodies. 71: application, 
verification, 72; of fusion, 668; of 
i, 880; of solidification, 662; of storms. 


Lightning, 090 ; classes of, 901 ; riwn a%roku, 

Lightning ro<R 90S. 

Limits of elasticity. 168; of mtf.nUttie, 178. 

Linear expansion. 6W*. 

Liquid surfaces, cause of curve, 234. 

Liquid vein*, constitution of 7 2. 

Liquids. 186; amount of expansion, 601; 
ascent In capillary tubes. SX*; conditions of 
equilibrium. 190; mndw* Utility ter heat, 
61U ; convection of best la, 627 ; curve of e*» 
p*n*km, 602; downward pressure of. 191; 
elssticity of. 188; equilibrium or, 199,900; 
equilibrium of. in communicating viisaela, 
201. 202; expansion of, 607; expuuslau 
ala»ve bolting. 602: force of expansion. 60S; 
lateral pressure, 193; mechanical con dll km, 
187 ; repelled by heated surface. 697 ; spher 
oktal state. 604 ; transmit pressure, 169; op 
ward pressure. 192 

Liquefaction aud solidification, 665; gradual 

Lljuefimtkm of gases, theory, 888 ; «t vaporg 

Lister' t aplanatte tad, 608. 

litre. 18. 

Living fores. 111. 

Lodes tone, 774. 

Looming, 619. 

Lone sightednam. 48K 
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lit pnman in^iaM, T19i 

Ku»m power and weight, 106. 

Machine*, 10ft; equilibrium of. 107. 

Magic lantern, ftlft ; square*. 862. 

Magnetic attraction and repulsion, 700 ; curves, 
77T; dip of needle, 791; electricity, 774; 
figure*, 778; force, distribution, 770: force, 
Umw of, 799 ; induction, 7-83 ; Intensity, 796 ; 
meridian. 708; naadla, 77ft. 7H7 : o beery a - 
Uons, 790; phantom, 777; polarity, 770; 
rotary polarisation, M0. 

Magnetism. action upon light, 919; atmos- 
pheric, 800; coerritlve force. 780 ; by contact. 
781; conversion into heat, 91K; different 
bodlaa. 782; of steal by aolar ray*. M»7 ; of 
the earth, action of, on dipping nee. lie. 792; 
origin of the earth’*, ftol ; terrestrial, 787 ; 
theories. 784. 785. 

Magnetising by ttw helix, 912. 

Magneto electric apparatus, 938. 

Magneto-electricity, 938. 

Magnets, anomalous. 779; artificial, 77ft; by 
electro-magnet lem. 806; by touch. 803 ; enm- 
pound, Htifi; deprived of power, K08; dime* 
tive tendency of. 7N7 ; horseshoe. 804 ; natu- 
ral. 774; production of; 80*2; value how 
varied, 802. 

Magnifying glasses, 493. 

Magnifying power of tense*. 494. 

Magnitude. 13: limit* of, 173. 

Malleability. 174. 

Manometer*. 978; with compressed air, 280; 
with fh*e air, ‘ 79. 

Map of isoclinal llnea. 794. 

Mariner’* compa«e, 787. 

Marine**' t law, 274. 

Martin’* compensating pendulum, 590. 

Mathematical pendulum. 78. 

Matter. 1; *rr»***ory properties, 19; change* 
in, 7 ; eeaential properties, 12; general pro- 
perties. 0; three states of; 1ft; properties of, 
physiral or chemical, 8. 

Maas. 41.90. 

Maximum and minimum thermometers. 6?H. 

Maximum density of aqueous m.lutkma, W4; 
of water. 804. 

Mean temperature, 960. 

Measure of feme*, 41. * 

Measures of capacity, 17. 101. 

Mechanical comfil lou of gases, 2A4 ; efficiency 
of the screw, 1*28; equivalent of heat, 76*; 
three of evaporation, <>84; iilnslratlon of 
vibration*. 301 ; source* of ln*at, 736. 

Merdianism of the voice. 389. 

Mdlnui '* apparatus. 042 

tin-rum multiplier, 942. 

Melody, harmony. lUift 

Mi*uiIihim«, » i bra t ten of, 318. 

Men, strength of. 131. 

Mercurial rain. 24. 

Merrurial thermometer, 608; limit* of, 674; 
defect* of. 57 ft. 

Merenry, dep r es s i o n of. in tub**, 238. 

Meridian roesauremeota, 91. 

Metecentr*. 208. 

Metallic Isarometer. 153. 

Metallic thermometers. A80. 

Natal*, change of properties. 180; change of 
at nectar*. 180 , conduct heel, 81ft. 

M et asta t i c thermometer. 679. 

Mrteorotogtesl obe rratlooa, ME 

Meteorology, 948. 

62 


Metre, 18. 

Mteroecope. achromatic, angular apart**, da 
fining power, illumlnatittg power, magnify* 
Ing js>wer, penetrating power, visual power, 
613; compound. 490; object* law**, 608 1 
Kaspail’s dlmectiug, 496; simple, 496; «Mlaa 
ftlft; stand, 614. 

Millimetre. 18. 

Minute division, 19. 

Mirage, 640. 

Mirror*. 416; form* of, 417. 

Mobility, *26. 

Mtdifo-d forms of crystal*, 16ft. 

Modulus of elasticity, 183. 

MoiecuiAr motion, iu heat, 708. 

Molecule*. *20 
Momentum. 43. 

Moutclicni. 3n7. 

.Monthly variation* In tea.perature, 951, 
Merui t Apparatus, 72. 
ftfor*- - * teicgraplt, 924. 

Motion mid force. composition of. examples, 4ft, 
Motion communicated hy collision, IM. 
Motion. coui|»ound, 33: curvilinear, 61; of 
imucctile*. lu:*» ; mil fonu, iW > ; miiforwly 
vailed. 32 : variatde, 31 ; vnrietle* of; 28. 
Mounting* for telescope#, 6o6. 

Mouth-pipe*. JhU. 

Movahle pulley, 119. 

Movement «»l drop* in tubes, 241. 

Music halls, 2M2. 

Mu*lc, theory of. 383. 

Musical instruments, 388. 

Musical interval. 371. 

Mush a) scale. 3<v<l; new. 373. 

Mit*ica> sounds. 336; quail! r of. 388. 

Musical lone* from oisguetlcm. 9)8. 

N»thmi illaf«a*on. 396. 

Natural history. 10. 

Natural philosophy, 9, 

Nature, key note of. 336. 

Nearsightedness. 4H6 
Negative eye piece, 6*81. 

Xrprttfi rf* JUnnltrn’t thermometer, 6TI. 
Neutral equilibrium. 56)7. 

New musical scste. 873. 

NVe/ e i formula- for velocity of sound, CM 
JWwfow’* tings 680. 
jXnf'iJtoti't hydrometer, 212. 

t 663. 

Night glass. 49H. 

.Nitric arid Is* If err, 8" 6. 

galvanometer, 906, 
h ’* rings. M»|. 

Nodal figure* 317. 

N*sial lines. ::|8, how delineated, 81ft; poll 
tNUi of, 814 
Nodal points, 3U&. 

Note... 

Nouicm Isturr, Faraday’s electrical, 882. 

OajwtoteuwK* t>* Ut« mleroeenpe, 688. 
Oi.jrllna compound, 609. 

Ohth|u* |wnc|l«, 4i», 

Oblique pern ti» refracted by Ian*!**, 4ftt 
Observation and experiment. % 

Ocular image, hrighlneau of. 478. 

OtrtiMt i discovery, 983. 

Ohm't law of retarding power, ftfiOk 
Open firs, 728. 

Operagiasu, 49ft. 

Optto angle, 47L 
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Optic axis, 471. 

Optical cento of a lens, 4H 

Optical Instruments, 493. 

Organ oTPookaad Alley, 17ft. 

Orgsuicenlulkms, osmose lo, 348. 

Organa of hearing In animals, 888. 

Origin of tarrostrul hoot, 748. 

Origin of undulations. 299. 

Oscillation, am to of, 88. 

Dwell lation defined. 78. 

OwmoiM, 344; condition* at, 346. 

Owuinao of inorganic solutions, 349; of organic 
solution#, 348; direction qt current, 347. 

Overshot wheel, 329. 

Oaoue, 849. 

PaoCc revolving magnet, 914. 
vibrating armature, 081. 

Parachute, 378. 

Parhelia, 487. 

Parallel ferret, resultant of, 48. 

Parallelogram of fbrees, 46 ; of rotations, 58; 
of velocities, 84. 

Ftueal'a experiments, 194, 363. 

Panel re resistance, 136. 

Paths at vibration. 311. 

Pencils of light, 401 ; refracted at plana atus 
facaa, 443 ; at spherical surfaces, 440. 

Pendulum, 78; applied to measure time. 84; 
applied to study of gravity, 87 ; ballistic, 
ItH; compensating. 600; cycloidal, 86; de- 
monstrate* rotation of the earth, 80 ; formu- 
1m for, HI ; Isorhronlsm of, 80 ; length beat- 
ing seconda, 89; physical or compouud, 83; 
propositions respecting, 83; simple, 79; used 
to measure fere# of gravity, 88. 

Penetrating power or microscopes, 618; of 
telescopes, 607. 

Pvnombra, 411. 

Percussion a source of hint, 749. 

Perfect concord, 373. 

fVWai' apparatus, 731. 

I’erpetnal motion, 136. 

Phases of undulations, 304. 

Phenomena defined, 3; of expansion, 694. 

Philosophical egg, 863. 

Phosphorescence. 999, 684. 

Photo electric lantern, 884. 

Photography. 619. 

Photometers, 414. 

Physical ferae. 6; poreo, 88; optic*, 637; 
sources of heat, 743; tablet, page 189; 
theory of music, 988. 

Physics and chemistry, 9. 

Physiologies' effects of the pile, 896. 

Plano strings friable, 180. 

Plane glass, refraction by, 441. 

Plants, electricity of. 946. 

PtatMmfa experiment, 900. 

Plates, vibration of, 813. 

Piatferm balance, 116, 

Pneumatic ink-bottle, 384. 

Pneumatics, 363. 

Peftantr of compound cl remit, 878. 

Polarisation and transfer iff elements 819. 

ftrierlrntfeu, atamsaharte, 441 ; by absor pti on, 
645; by heel and by compress lew, btSi^f \ 
raft e r tf oa, 548; by refraction, 54 7, 648; 
atonal, 856; of heat, M9; of tafct, 541 ; 
partial, 519; votary, 558. 


I Polarising iuatnamata, 651. % 

Footf* musical scale, 378. 

• Pores, physical, 33; sensi b l e, 14 
Porosity, 23. 

Positive and negative crystals, 551. 

Positive eje-pieoe. 690. 

T\tuilUl't galvanometer, 908. 

Power of points, electrical, 828. 

Power of steam, 714. 

Power, adaptation to weight, 11(4 
Power and weight, 108; relation at, 10H 
Press, hydrostatic. 190. 

Pressure, atmospheric, 267 ; centre of, 197 ; «| 
liquid in motion. 238; of liquid downward 
191; of liquid on side of vessel, 193; of 
liqoid upon containing vessel, 214 ; produced 
by impact, 112; transmitted by gases. 366; 
transmitted by liquids, 189; varies with 
Bp. Ur, 198. 

Primary colors, 46o. 

Prime seventh. 373. 

/Vine* iVwpvrf* drops, 178. 

Printing telegraph, 926. 

Prisms and lenses, 438. 

Problems on acoustics, page 389; on elasticity 
and tenacity of solid*, page 148; on vlecv 
tricity page *67 ; on gravitation, page 73; on 
brat page 608; on hydrodynamics, page 199; 
on laws of vibration*, page 26! ; on theory of 
machinery, page lu7 ; on optics, page 393; 
on pneumatics, page 234; on weights, mea- 
sures, and motion, page 37. 

Production of waves. 319. 

Product# of combustion and respiration. 718. 
lVogressive undulations, 300; in liquids, 330. 
PropertMW of matter, general or specific, 6; 

physical or chemical, 8. 

Properties of liquid and solid gases, 891; at 
solar spectrum, 480; of solid*, 149. 
Propositions in regard to forties, 42. 

Projectiles, theory and laws of, 1U8 
Proof plane. 823. 

Pulley, compound, 120; fixed, 118; movable, 
119. 

Pumps. 289-293. 

Pyrometers, 689. 

Pyrometer. Daniel)’*, 684; Draper’s. 686; Baa 
ton’s reflecting, 682; Wedgrwood’s, 683. 
Pyrometrical heating effects, 762. 

Quautt of musical sounds, 898. 

Quantity and intensity of electricity, 885. 
Quantity of heat from friction, 736. 

Rain. 980 ; annual depth of, 983 ; days of; 883; 
distribution of, 981. 

Radiant beat, lntansliy of, 631 ; partially al 
sorbed, 630; trmmmnlmkm of, 641. 

Radiating power for heat. 638. 

Radiation, of cold, 634; of beat onlvsml, 8W, 
taw of cooling by, 632; terras trial, 745. 
Radiators, steam, 783. 

Railway Ulnminatloa, 530. 

Rainbow. 636. 

itimrin't electrical machine, 836 
Range of human vote*, 890. 

Rays of light, 401. 

Reaction of escaping liquids, 217, 
tharmotaetav, 679. 

Kecom position of while light, 48T* 

Reed Mpw, 381. 

Regulator* of electric light, 884 
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Morin at carved Nrtbw, 490; by plaoa 
mirror*, 418; by regular surfheea, 416; of 
circular wave*. 326; of light, 400; of sou ml. 
M;or«tVM,Sm 

VoSoeUv* power, bow determined, 030. 

Pdfdofj bn rll— OQO. 

Refraction at curved surfheee, 440. 440; at 
regular aurfacee, 408; atmospheric, WO; at 
»Una aurfeeee, 439; lty lenee*, 44?<40l; 
W PMm glass, 441 ; by prisma 439; of heat. 
•40; Of light, 40b; of grnndts of light, 443; 
Of round, 307. 

lafripnton, 724. 

BtgmauVi experiments, 270. 

Mwnantt on expansion of game by heat, 007. 

Rel ation of bodiea to light, 400; of power to 
weight, 109; of apedftc heat and atomic 
weight. 064. 

Relative value of fael. 763. 

Repulsion, 140; electrical, 812; magnetic, 780. 

Repulsion of light floating bodies 242. 

Repulsive action of heated surfer*. 007. 

Reaietance of column*, 171; of fluids, 143; 
passive, 130. 

Rest, absolute and relative, 2ft. 

Resultant of opposite parallel forces, 47 ; of 
unequal parallel forces, 40. 

Results of Impact, 112. 

Revolving magnet, 914. 

Revolving lights. 623. 

ifrpdr'i dynamometer, 37. 

Rheostat, 907. 

Rigidity of ropes, 142. 

Ritnhirt electrical machine. 837. 

RciterU* oonipensating pendulum, 690. 

Rokervoft balance, 116. 

Rods, vibration of. 310. 

Raatft nerlllitting spiral. 909. 

Rolling friction. 139 

Ropes, rigidity of. 142. 

Jraur’s telescope, 603. 

Rotaecope, 67. 

Rotation of electric light about a magnet, 930. 

Rotation of the earth demonstrated by the 
pendulum. 86. 

Rotations, parallelogram of, 66 ; right-handed 
or left-handed, 68, 

Rotary polarisation, 666; magnetic, 660. 

Rotary pump, 293. 

Rtmutau't hydrometer, 212. 

RMhmtmrfonU. 933. 


! Mf registering thermometers. 678. 
SeneibJ* weight vartea in dUferaut 
i 93. 

i Sensibility of the ear, 378, 
j Septum required fur ustnoee, 244 
I Berio* of elaetk halls. 186. 

| Seventh, harmouy of, 373. 

‘ Sextant. Hadley's, 426. 
i Shock transmitted by elastic balls, ISA. 
i SUJtman't photometer, 414. 

Simple mienwoop*, 496. 

Simple pond ol urn, 79. 

Simple pendulum, prnpcwltlons _ 
Simple vbioa with twv> ryes, 482. 

Siren. 3f*h 
Sliding friction, 137. 

Stub's hatterv. 871 


f for po*itW>n of Images. 436. 

Rumftmf* photometer. 414 : thermnsoope, 687. . 
Bidhtrfoni'i thermometer, 678. I 


i Sn«<w, 9&4; colored. 986; limit of ; 

966 

Solar microscope. 616. 

Solar •|M*rtrom, properties of, 460, 

Rolrtioid, 919. 

Solid eyepiece. 612. 

Solidification, change of volume l»y, 664 
Sola! Meat Ion Mlxtatc# best, tHiU, 

Solidification u( gstirr, theory, 6H8. 

dwnatrrhlloi of, MU; conduct Utility 
fur beet, *.14; rxi’siisWi of. 689; structure 
of, i:,G; undulation* of, 30b; unequal ex* 
pansimi of, 696, 

Solution, w.l. 

Sonometer. ‘‘.it?, 

S<»iiort»u« tui»*a. 379. 

Smorou" wane*, length of, 370. 

Sound 336; dMianco* calculated by, 346; In 
all elastic l*»lit'», 34**, interference of, 349; 
not instantaneous, 342; not propagated In 
# vacuum, 339. proj«gnt«d by waves. 337 ; 
reflected. 862; reft acted. 367 , vel» city In 
sir. 314. vcl.-ell* in 346; velocity in 

liqutda. 317 . vi l.wHv in »>lid«. 348. 

Sound* of bird*. 392; of inaecls, 392; produced 
by animal*. 392 
Sounding l#»die» vibrate, 330, 

Source of heat InfltietM ing diathermancy, 644, 
Source# of heat. 734- -7 67. 

Soureea of Mgtit. 999 

Space desert l>e.| by a falling body. 71. 

Speaking Irutnfe-t, 368. 

Specific gravity, 299. 

Specific gravity ho Hie, 211. 

Specific w-ravlty by Utjafirc, 210. 

Specific beat. 1*M 

Sjierlflc lieat and atomic weight related, 684. 
Specific beat determined by laws nf acnuMJtUy 

♦•63. 


Baton*! table of length of pendulum, 90. 

Bet united speee, 689. 

Saturation. 661. 
dnuwre'i hygrometer, 978. 

Stwtff toothed wheel. 981. 

%Hrtiyi steam engine. 706. 

BuUm't deep sea thermometer. 681 ; reflecting 
pyrometer, 682. 

Sente heem. lift. 

SdnOlletlng tube, 862. 

Semens, dietherwmnte power of. 648. 

Screw. 127; iSeieaty of, 128 ; endless. 129. 
See lights. 622. 


Snoudii pendulum, 96; formula for. 90 , table 
ef lesgthe in d lfl k reo t fcatitadre, 90. 

• 1 * 


; Specific beat nf gasca, 662. 

Specific Wright 99 
! Spectrum. 466; dark line# In, 461, 

< Specula, 416. 

! Spherical aberration of Ummm, 484 ; of mirror* 

i 487. 

Spherical mirror#, 426. 

Sphericity, aberration of. 46ft. 

Spheroidal state. 094 ; cause nf, 698 { eaMW gf 
rxpbebms. 701 ; familiar Illustrations, 7<R| 
remarkable pbcitamsna, 700. 

Spirit level. 393. 

Spirit thermometers, 676. 

Spring balance. 87. 

Springs intermittent. 288. 

Stable equilibrium, 207, 

Standard tborm o m et er, HIT. 
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Starting Mellon, 199. 

HMtalwid dynamical ft m* m 

BUtiml electricity, 809. 

Static* defined. 89. 

Stationary undulation*. 80S. 

Stationary wav**, 821. 

ftteRUt boiler, 718; explosions, 701 Odd's 

733. 

Mhm cylinder, Papin**, 707 
Htoeni, «l«wtrMtr from, 839. 

Stas in, heat latent and sensible it different 
temperature*, tS83. 
ftteaut. hitch pressure, 880. 

Steam. la tan I beat of, 683. 

Strum. power of. 714. 

Bieam-engine. 703; high pressure, 711: low 
pressure, 710; Xewcuuea's, 707; Watt**, 

Steambsatera. 732. 

Uteain-power. 184. 

Steamboat, tba first, 706. 

Steelyard, 116. 
tlvni, 18, 

Stereomonoaropa, 19& 

Ataraoaro|«, 628. 

Utom't ventilating shaft, 723. 

Storms, general law*. 971. 

Stream measurer*, 227. 

Strength. animal, 130; of beams and tubes, 
172; of materials, 170; of man, 121. 
Structure of human eye, 488. 

Structure of matala changed, 380. 

Study of colors, 492. 

Stuttering. 801. 

Submarine telegraphs, 927. 

Substance deft tied, 1. 

Suction and lifting pump, 391. 

Suction pumps, 290. a 

Sulphate of copper battery. 872. 

Son. a source of heat, 742; Influaaea of, 948; 

quantity of heat from, 743. 

Surface or dlacharging liquid, 216. 

Syphon, 288 . 

Syphon barometer, 207. 

System of forces, 44. 

System of magnetic observations, 798 
System of wheels, 117. 

Systems of crystals, 184. 

Tamm, A want of liquids In tubas, 239. 

M Absorptive power for heat front dlS 
fttranl sources. App. tab. IX. 

** Absorptive power of different bod Isa, 

App. tab. VIII. j 

* Aqueous vapor In a ruble fbot of aatu* ! 
rated elr at different temperatures, \ 
App. tab. XXI. j 

" Barometric column at various alU» 


Bamuuee uf tsuxpesufww flNBi elww 
tton. 964. • 

Degree of elasticity, 183, 

Depremion of mercury in tubaa, SML 
Diathermancy for haat from dlftbmwt 
sources, 648. 

IHOhermam? of different liquid* 
App. tab. X 

Dtathcrmauey of dlffenmt solids, App 
tab. XIII. 

Elasticity of metals. 161: 

Expansion of gases, 607. 

Expansion of gases, App. tab. V. 
Expansion of liquids. App. tab. IT, 
Expansion of mercury, 698. 
Expansion of solids. App. tab. Ill 
Force required to beat a pound cf 
water l w F , 761. 

Fretting mixtures, App. tab. XII. 
French decimal measures ami weights 
* changed to English measures aod 
weights, App. tab. 11. 

Frequency of different winds, 961b 
Frequency of auroras, 990. 

Friction. 138. 

Hardness, 176. 

Heat of combustion In air. 768l 
Heat of combustion In oxygen, 761. 
Hydrometer degrees and apwrifre gra- 
vities, App. tab XXV. 

Hydrostatic preasura at vwriou* 
depths, 196. 

Latent and sonsibto haul of dun, 
App tab XXII. 
laws of falling bodies, 71. 

Limits of perpetual snow. 966. 
Liquefaction aod anUdificaUou of 
gases, App tab. XX. 

Measures and weights. App. tab L 
Melting points and beat of faring 
App. tab. XV. 

Radiating and absorbent power ot 
bodies for beat, 638. 

Radiating power. App. tab VI 
Reflection of light, 407. 

Specific gravity of solid* *ad liquid*, 
App. tab XX1U. 

Specific heat. App tab XI. 

Specific heat Ihr constant ptmaruru 
and constant volume. 663. 

Strength < 1 men and anlmala, 133. 
Strength of materials, 170. 
Teniperature In diflbrsut latitudes, 

Tension of vapors. App. tab. XIV. 
Velocity of winds. 961. 

Volume and deoHty of water, Am 
tab XXIV. 


lodes, 268. Telegraph. 921-928. 

• Bolling point of liquid*, App. tab Tblescope, 497; achromatic, 604; senatorial 
XVII. 606; Galileo's, 498; Lord Roam's. 603; am 


<* Bolling point of water at different 6ecting, 601 ; Sir William lleracbei’a, 603. 

places. App. tab. XVIII. Telescope*, penetrating power, 697; visual 

* Boiling point of water at different power of. 607. 

pressures, App. tab. XVI. Telestervoscopa, 624. 

* Boiling point of water under l. % 3, Temper. 176. 

ic, atmospheres, App tab XIX. Temperament In music, 376. 

* Colors or tempered steel. 178. Temperature, 666; milmatSou of high. 696, 

m Comparison of thermometers, 676. extremes of, 744; mean, 960; monthly 

* Co mpr ess i bility of gases. 276 variations, 961; of vapoataattem, 97ft m 

« Oamursaskblllty of liquid*, 188. ! vegetable*, 767 ; variatfcms In altitude. 964 

* Cfe^satSug power of uetal* and buBd- variaHooa in latltada. 969. 

lug iuM»K App. tab Til Tampaved eftsel, aokwa, 17b 
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BMMMky Mrnmmi. MbatuoM, 1*8. 

Tenacity, It** of, 170. 

TuUMitm. 262 ; chan gee density, 160; muimtua, 
Jf vapors, 660; of vapors. Halloa** law. 670 ; 
of vapors In eommuulcaUag vassalo. 671. 

Ifcrnmrlal attraction, direction at, 60; point 
of application. 61. 

Terrestrial eye-plece, 600; hast, origin of. 746; 
magnetism, 767 ; radiation, 746. 

Thau mat rope, 4»4. 

Theorem or Arehhncdss, 206; of Torricelli. 219. 

Tbeorcttaat and actual How, 216. 

Theories of endoemoee, 261 ; of light. 09)1 ; of 
Hf ht unaatlalketarv. 406. 

theory defined. 6; of liquefaction and eolktlfi- 
cation of gases, *i*S8 ; of uudulsUoaa, 299. 

Thetttiochrosy, 646. 

Thermoelectricity. 941. 

Thermoelectric motion*. 941. 

Thermometers. 667 ; air, 6»7 ; Hreguet** metal- 
lic. 6*0; Onu tirade, 670; comparison of 
scales of. 671 ; conn traction of. ton : defect* 
In mercurial, 676 ; PahrvnlieU’a, 670; gra>|«- 
ation of, 609; bouse, 672; Howard'* differ 
ential. 6*7 ; Kinuersley'a, *62; l><sJlc* dif- 
ferential, 6*7; limit* of mercurial, 674; 
metastatic, 679; Negretri A Kauihra'* tn*xi> 
mum, 67*; Koaumur’a, 670; Kulh*>rford‘a j 
maximum and minimum, 67*; .M** ton's 
deep 04, 681; aelf mgtatering, 679; sensi’ 
Ultt; of, 672; sjdrlt. 676; standard. 6 77 ; 
of 672; Walfordln’s maxim um, 679. 

Theruiom»'tnc Mala com panel, 671. • 

Thermo multiplier, 689, 942. I 

Thermnerope*. 687. 1 

TM'irirr and ttumchi't apparatus, 000. 

Three «tatea of matter, 16. 

Thunder. 999. 

Thunder-storms. 988. 

Time and velocity, 29. 

Time required for vialon, 489. 

Toll**' woiid eye piece. 612. 

Tone. 3d3; changed by echo, 366. 

Tnrnadoe*, 909. 


>. Unit* of mea*m#, Id. 

| Untveraal discharge? Ml; gmvttatlan, law ^ 

69; radiation id heat, toa, 

Unstable ejailllirium, 207. 

: Upward pnwaum ut liquids, 192. 

Vacuum, Torricellian, 261 ; rapora formed L 

; mm. ^ 

Value of fuel. 716. 

Value »f y In pendulum experiments, 89. 
Vaporisation. 6*v7. 

\aporixation. temperature, and limit*, €t% 
Vapor*. 282; and gaaea. Identity of, AM; 
density of. W.I; formed in a vacuum, 889 ) 
from the body, 719; Ulvur* law, 698| 
. liquefaction of, 0S6; maxlutuut tension, 069k. 
Variable motion. 81. 

\ artatiou chart. 789. 

Vartatloiia of h« »wmc trio height, 270; of mag. 

neUc needle, 7HH; annual, daily, 790. 
Vegetable*, temperature of *67. 

Voice itiex, actual and theoretbal. 144; pai* 
allelograui ol. 34. 

i Velocity alter imnact, 1H4‘ of all antinda tbs 
i aatne. 848; of ull wound* not tbe aame, page 
***; *«t aerial watea, 382; of electricity, 
M" ; of light, 4oi ; of ri>er* ami streams, 
*27 ; ofa.mud In air, -Mi, td round In ttaukln 
847 . In rot ids, 64*; of round, .NvtUilt 1 for- 
mula, HA3. 

Veiititwti»u.7in>720 ; a practical problem. 729 1 
loawaaliy of. 718; quantity of air required. 

7J>. 

Ventilating abaft, 726. 

Ventilator*. 726. 

Ventriloquism. 891. 

V critical ion of law* of billing bod I a*, 72. 

Vernier. jMi 

Vibretiiig armature, 9111, 

Vibrating dam*. 8*tt. 

Vi brain <n of air )u lulwa, 879, 8*4 ; of conl% 
»»h; lawa of of mrd*. l*<9; of roda. 3I0| 
of membrane*. 81*, of plates, 812; of pUtag. 
lawa of 2lf) ; path* of, 81 1. 


Torricellian theorem, 219; demon* tra ted, 220. 
Torrhwllian vacuum. 201. 

Toraion. elaatlclty of, 186; electrometer, 820; 

lawa of, HW; of rigid bar*. 167. 

Total hydrostatic pressure- 196. 

Total reflection, 409. 

Trains of whedwork. 117. 

Tmnepoaltlon In muale. 874. 

Transverse strength. 172. 

Tube*, strength of. 172. 

Tubular bridge*, 172* 

Tuning fork. 277. 

Turbine wheel, 231. 
fVtttinp’t In machine, 691. 

Tyterian electrical machine, iff. 

Tympanum, 393. • 

pfUt, 411. 

Undershot wheel, 230. 

Undulation In oceans, 4 <l, 329; of elastic 
flahR 390; of liquids. 319. 

Uadulatinns of a sphere of air, 331 : of solids, 
306; origtn of; 999: pLace* of, 304 ; prngrva* 
slva, 309; progiwsstve, in liquids, 320; at* 
tteaery. 302. 

Uniform motion. 30. 

Uniform nmakai pitch, page 663 
Batson. 364. 

Unit of force, 87, 

« 2 * « 


Vibration*, w*. form* of S»»7 ; from mag neb 
lain 9 li» ; l«»-hronmi*, 808 . of different notes, 
abwolul*. ;959; roiatiia. 8<iH; of heal and 
light, 7u6 ; of light, direction, 641 ; of Habit 
IttUgtb of. 631 ; ut light, tiauattiiiwbin of, »42| 
of light. re*olmton of, 641. 

Tiot' ria lubuisr bridge. 172. 

Virtual focu*. 429; image*. 434 ; vsloclUeS, 109k 

Vtaibl* tH*lie«. 4o2 

Vision 4o* ; condlilonaof 476 ; binocular, 494 1 
double. 4*^*; single, 4*2. 

Visual angle. 472 

Visual impression* require time, 4*9. 

Visual power of tukroarorpe, 613; of lelassvpsfo 
6u7. 

VIsunI ray a nearly |wrallel, 479. 

Vis viva. 111. 

Vitality. 18. 

: Vocal apparatus of man, 389, 

Vmte and speech. 3*7. 

1 Vole*. meclMmlam at, 339; rang® of fcttMfo 

! 89U 

; Volta-eleetHc Induction, 929. 

< Voltaic arrfc. beet of. 8*6, 

i Voiuk batter lea, M8M81; eSM» Itt WlM 
fcmo*. 8*1. 

I Voltaic circuit, potarity d; 979. 

; Volta it eoaple, 869. 

, Voltaic cunwota, heat at, MV. 

A 




no 
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Tsttele e lnitrielty , quantity tad intensity, 

Veltale pile «r fatomj, 864; ehemiml theory, 
898; grouping element*, 879; phyriesl et 
fi*U, M3; physiological effect*, 806; mag- 
netic effects, &; theory of, 896. 

Voltaic spark sad arch, 683. 

VoUatsm and galvanism, 834. 

VnUa't nntttt theory, 863, 807. 

FWto'# d h wrwr. origin of, 863. 
rrifa’t electrical lamp, 866. 

VoUa'i electroscope, 846. 

VkUa'i hall atorm, 843. 

Voltameter, 880. 

Volume .'hanged by eolldlfloation, 664, 
Volamt cTfaesn, 608. 

Waipsantifa thermometer, 078. 

Warming, 737. 

Watches, balance-wheels o t, 606. 

Water bellows. 106. 

Water, effect of unequal expansion, 604; ex- 

K urion of 604; frwexfng of. 666; maximum 
natty. 604; volume at different tempera- 
tures, 604. 

Water puinpt. 280. 

Waterspout*. P70. 

Water-wheels, 228. 
ffbtr* ateam engine, 700. 

Wares, depth of 322; from fbd of elttpee, 324 ; 
f.'oni Jbeu* of parabola, 826 ; of air vdnrlty 
and Intensity of, 832; of condensation Hlua- 
trated, 831 ; of abr expanding freely, 334 ; of 


air, Interference of, 883; of iwnfrwarthi 
830; prodoetiou OC 810: reflection pL 888: 
stationary, 821. 

Weather Indicated by baroanetnr, ATI. 

Wedge, 126; application of; 126. * 

Weighing machine, 110. 

Welle, artesian, 204. 

Weight, 37, 07. 106 ; definition of 88. 
Weight#, French sy st em , 100* 

Weight, specific, 00. 

Weight varies In different toeatttk* 08. 
Wheel and axle. 116. 

Wheel barometer,. 268. 

Wheel, breast, 230; overshot, 828; tafMaa, 
231; undershot, 230. 

Wheelwork, trams of, 117. 

Whirlwinds, 060. 

Whispering galleries, 866. 

White light, composition of, 487. 

Winds, cyclones, and hurricanes, 068. 

Winds, general consideration of, 067 ; genera* 
direction of. 066; hot. 967 : periodical. 063; 
propagation of. 068; regular, 062; variable 
004 ; velocity of, 061. 

WnUatUm't camera lockia, 818. 

Wood oonducts heat, 617. 

Taen, 17. 

ZAxaon 8 Di Luc, dry plies, 878. 

Zero point of thermometer, 670 ; dbmleeami 

of, 673. 

Zero, absolute, 666. 



WEBSTER’S 

DICTIONARIES. 

UNABRIDGEO QUARTO, NEW EDITION. 1WS P*g*t, flrtno 
Eng'Avtrgt. Ov*r 44100 N*w W<nd* and Meaning*. biOgiaphu 
eat Dictionary of ovar ®7U0 Nainas. 

NATIONAL PICTORIAL, OCTAVO. 10*1 Pag**, 600 llluttrabof* 
COUNTING-HOUSE DICTIONARY. With I :!u.t ration*. 

ACADEMIC QUARTO. tU initiation*. 

HIGH SCHOOL DICTIONARY. fc>; Illustration*. 

COMMON SCHOOL DICTIONARY. ST4 llluatratkma. 

PRIMARY SCHOOL DICTIONARY. *>4 lliuatrationa. 

POCKET DICTIONARY. With Illustration*. 


WEBSTER IS THE STANDARD th« KN’OUSH 

LANGUAGE, as is evidenced t>v the testimony of rcpicmitattvo HritUh 
and American Scholars and Writers. 

THR.AALK in this country I* more thm 20 lime* larger than 
that of any other Dictionaries, proof of which will he scut to any one on 
application. 

WEBSTER /s the a vthoxity is thf goyek v.i/aa* r 

EEfiVrMG OF>' H E at U askings*, ,<*,/ mt IHK V &. MU.UAKY 
A CA DEM Y % H AW /' /'Of.V / . 

W ARMLY recommended l»v 
Bawckoct, l*Ktsi<m, M'>i- 
lkv, Guo. F. Marsh, IIaiikck. 

Whittir*, Wit us, Saxe. Hum? 

Hcrkitt, D aniki. Waavraa, Ki m a 
rMOAT« f H. Coi.fCKIDOE. Smaki, 

Horace Mann, Presidents W 001 ,- , «< rpiir, rwt* t .«4 urii •* ni n* Hi^»«*i •* 
sky, Wavlano. Hui kins, Nott, 1 in»n of aHiiBtwit.,** - 

WaURM, AnDKEson [innre than . f‘«M**4i-™«a t \s. Smyr*' 


i 4 miir >**.»» ]>r*rii <*1 Fnr'Ut* rt 

] Vuirfrrtp Ai»tm, (W*- 

a.*. 

*» 1 liavr. Mml.miWi t w/<sM rw>l ir*** 
' I ( l'l'H< n*fi , a 

! of lit* K>*rtnrij|, r«-H*«r, I. M*d *HlJiy."»» 

! hiki< f mia# Jt nu)» ur Kkunkii, ia«a. 


all]. and the best American 
European Scholars. 


Slid 


a ITh. 

1 ii.ti 


, »i ilm V-fifinuA. rnlHt <t« Httlib •>» 

hut «• |w*n tin If *r«*ll v#|m(1ii«»hI in lb* i miM# «• i),«* 
rtrtiiilr } Ia % m Jmtr\ %*l, Jttlf |i», tf'.b. 

Indorsed by State Superintendents of Se hoots in 3*> States „ 

More than 33*000 copies of Webster's Unabridged have been placed 
In as many Public Schools in the United States, by State enactments or 
School Othceis. 

fW More than Ten Million* of volumes of School ftoolutarr an- 
nually published in the United Stales, recognizing Webber as then uen- 
er^i standard of orthography, whi.e n«>t a single school book pubbantng 
house in the country, a* far as we are aware, haa mr publicly 
reeofftilsetl anf other Dletlousry fn*n Wehaler a* It* 
•Isadard of ortbocraphf, with the «tnii:te exeeailon of the 
publisher* of another Dictionary,— While in Etymology, Definition*, Illus- 
trations, Ac., Webiter stand* unrvaled and alone. 

, tr Fmtl dtserifitiv* circular*. showing superiority »/ Webster in 
^tywelecft Definition*, lllnairwtive Hiatlona, Orth»i* 
ProaaueleiloBy ijraourmN Pleierlal IHnetr** 
•tonsN vaMHfsl Tables r/f., eU\ % wilt be sent Ay opptUntion te the j*ub» 
Ushers or their Agents, 

IVISON, BLAKEMAN, TAYLOR A CO., 

New York and Chicago . 



** Fully and handsomely illustrated ; surpassing all others in excel- 
lence of manufacture , gradation and cheapness I* 

!k Amem Educational Sms 

or 

New Graded Readers. 


A IT E 1 YTIREL Y ME IV SERIES, in Five Books, embrac- 
ing many new features ; compiled by several eminent educators who hare ac- 
quired by a 11. 'e-long; experience in the work of elementary education a famili- 
arity with the wants of pup. Is and teachers in this department of instruction. 

Of the doxen or more scries of Readers in use in the Public schools of New 
York City, the New Graded arc more used than all the others combined. 
They are more extensively used, generally, than any other scries that have 
been.issucd within the past TEN years. They were adopted in June, 1678, for 
exclusive use in the Public Schools of the City of Baltimore, upon a report of 
the Text-Book Committee of the Board of Education, from which the following 
is an extract : 

" After considering with great care, and for a period of nearly two years 
past, the several scric* of Readers submitted for their examination, they have 
come to the conclusion, with entire unanimity, that the Educational Serifs of 
Ntv Graded Readers, p cblished by M ssrs. Ivison. Blakeman, Taylor A Co., 
seems to combm : a greater number 6f merits and advantages than any other 
series which the committee h ivc se . n." 

After one term’s use, the high commendation of the Committee was em- 
phasized by the following from the City Superintendent Shepherd, dated March 
31st, 1879: 

“ Your Readers give general and decided satisfaction in Baltimore. 1 test 
them very frequently in my visits to our Schools, and with very satis actory 
re nulls. 1 he introduc ion of a Reader with us has some significance ; it is not 
merely placed up^n a list to be used at discretion, but every pupil iu the grades 
into which it has been introduced, has and uses the series." 


Cathcarts Literary Reader. 

TYPICAL SELECTIONS 

from the Best Authors , with Biographical and Critical Sketches , and 
numerous notes . Cloth. 438 pages . 

The above may be had, as a rule, from any bookseller, but when not 
thus obtainable, we will supply them at liberal rates, Bee of transportation^ 
Descriptive circulars and price lists on application. The most liberal terms 
for introduction, exchange ana examination. 

Iyison, Blakeman, Taylob A do., 

Publishes*, 

New York and Chicago 


“As Familiar to the Schools of the United States as 
Household Words:* 


Robinson's Progressive Course 

op 

MATHEMATICS. 


R OBINSON’S PROGRESSIVE COURSE 

OP MATHEMATICS, being the most complete ami scientific 
course of Mathematics! Teat-books published, is more extensively used to 
the Schools and Educational Institutions of the Called State t than any 
competing scri s. 

In Its preparation two objects were kept constantly in view : /<>*/, to 
furnish a full ana complete Series of Text-Books, which should be *uOu i«r.t 
to give the pupil a thorough and practical bmtineet edm< at ion Set end* to 
secure that intel/e> tnal culture without which the mere acquisition of book 
knowledge is almost worthless. 

All the improvements of the best modern Textbook*, a* well a* many 
new and original tneth >ds, and practical opera: ions not found in other san- 
iiar works, have been incorjioratcd into these books, and no labor or ex- 
pense has been spared to give to the public a clear, scientific, comprehen- 
sive and complete system, not incumbered with unnecessary theories, but 
combining and systematising real improvements of a practical and uefui 
kind. 


Robinson s Shorter Course . 

In order to meet a demand from many quarters f*r a Scries of Arith- 
metics, few In number and comprehensive in character, wc have published 
the above course, in TWO books, In which Oral and Written Arituncic i« 
combined. These books have met with very great popularity, having been 
introduced into several of the largest cities in the United States. They are 
unusually handsome in get-up. and are substantially bound in doth. 

Descriptive Circular t and Price Lists will be forwarded te Tentk- 
rr» and EducatianUts an application. The matt liberal termt wtl! be made 0 
/or imtra4uctian % exchange and examination. 

IYISOX, BLAKEMAN, TAYLOR k CO., 

PUBLISHERS, 

New York and Chicago . 


u Real Swan Quill Action .” 
The Celebrated Double Elastic 


Spencerian Steel Pens. 


J'he ATTENTION of teachers, school 

* Officers, and others, is called to the superior adaptability of the Spen- 
cerian Steel Pens to School use, possessing, as they do, the important peculiar- 
ities of 


Durability , Elasticity , and Evenness of Point 


They are made by the best workmen in Europe, and of the best materials, 
and are selected with the utmost care. 

These Pens are used very largely in the Schools of the United States ; al- 
most entirely by the Commercial Colleges, and are especially commended by 
Prolbnalunal Penmeu and Pe i Artists. So popular have they become 
that of the 

well-known No . I IHOrC l kail 8, CXX>, OOO are annually aold. 

The SreNCKftiAN Pens are comprised In twenty numbers , differing in flex- 
ibility snd fineness of point. 


We are also the Sole Agents for the United States for 

Perry & Co.’s Steel Pens, 

which, in connection with our SPENCERIAN brand, gives us the control of 
the largest variety and beet line of Ste 1 Pens of any house in this country ; this 
being particulaiiy true respecting quality and adaptation for 

I SCHOOL PURPOSES. 


%• Parents , Trackers ami Scholars wko may wish to try them Pen. r, and 
Sko may mot be able to obtain them through tko trade % cam receive a Card ef 
Samples of the Spencerian by remitting to ms 25 cents; and the same amount 
for a box of Samples of the Perry Pens . 

Iyison, Blakeman, Taylor A Co., 

New York and Chicago. 



A GOLD MEDAL was a mar tied to Prof ester SWINTOX at the Pe r<i 
Exposition of 187E, ms am author <f Ixheot Text^t oehs. ko he mg 
tho only American Author thus highly homorod. 

Standard Text-Books 

Professor Swinton. 

SWINTON*S WORD-BOOK SB III ICS. Tho on! y perfectly 
graded Series of Spellers ever made, and the cheapest in the market, la 
use in more than 10,000 Schools. 

Word Primer. A Beginner's Book In Ora! and Written Spelling. 96 pp. 
Word-Book of Spelling, Oral and Written. Dcai* tod to mta n 
practical results in the acquisition of the ordnary English vocabulary, 
and to servtf a^ an introduction to Word An ’lysis. 134 pages 
Word Aitaly*!*. A Graded Class-book of English derivative Words, 
with practical exercises in Spellm \ Analysing, Dchmng, Synonymy 
and the Use of Worda t vol. ia8 pages. 

SWINTOVS HI'TORIB*. These books have attained great 

popularity A new ed tiou t>( the “Condensed” has Ju-t been issued, in 
which the work has been brought d .»wn to the present time, and aix colored 
nups ha -e been added. 

Primary History of U. 8. First Lessons in our Country's History, 
bringing out the salient points, and aiming to combine simplicity with 
se ise. 1 vol. square, fully illustra ed. 

Coudena d School History of VJ. 8. A Condensed Scho 1 His- 
tory cl the United State , constructed for definite results in He* Itatmn, 
and containing a new method ol Topical Reviews. New edition, 
brouih down t» the present time. Illustrated with Maps, many of 
which are colored, Portraits and Illustrations, t vol cloth, jk** j>agc*. 

Outline* of tlie World** ftli-tory. A cieni, Mediirval ami 
Modern, with special reference to the History o 1 Mankind A most 
excel Jen work for the proper Introduction oi youth into the .*tudy of 
General History. 1 vol., with numerous maps and illustrations. 300 
pages, 1 sum. 

8 W 1 NTON** fJKOORAPffllf ML (OI?R«K. The famous 

“rw > book series," the freshest, best graded, most beautiful ami cheapest 
Geographical ('nurse ever published Ol the larj;e cities that have adopted 
SwJiUon’s Geographies, we mention Wasiunotom. l>. Kih iimun. N V., 
Titov, V. V.. Hhooki.vm, N.V., New York C'itv. Kingstou, X V , Au<«iwa, 
Me., CMSRLavroN, S. C . l.ANCAsrsa. Pa.. Wn.uAMsrour, Pa,, Macon, Ga. 
1 1 round numbers, tliey have been adopted In more than I , 0 OO ( llies 
and I'osns in all parts of the country, and have, with morked fi*eferene*, 
been made the bas % nf Professional training in the Leading Normal 
S, hooh of the United States. 

Klcmftitary CourM In Geography. Designed as a class-book 
for primary and intermediate grades ; and as a complete Shorter t ours* 
for ungraded schools. ia8 pages, 8v<*. 

Cdmyleie fonrse In Geography. Physical, Industrial and Polit- 
ical; with a special Geography for each Su.e In the Union. Designed 
as a class-book for intermediate and grammar grades. 1 *6 pages, stn. 

The Maps in both books possess novel features of the highest practi- 
cal value in education. 

SWINTON** KA 1 BLKI A HONG WORDS; Their Poetry, 

HUSory and W»*W.. A ttaMlwd « <«ri u> »>l wK.. t.o« «b* rkU «f iW Ea«lUh Immgme* by 
WU.1UM it. A. HmmOanm »y Uw«l t» * M* a»4 tmtai.UA »4fm Mii pa***. 

• « TIm alt or* way to Wi. m a nU. from any fcmfcarliar t Mrt »hra mt ihm «MslasSt« ( »• 
srfll »«|^)>- UMrin. tnawrMlsikm jm04, ui lltuni rsua timer Clnrota r» ask frtro Um wilt 
ho mat on ofyOnUloa. 

Pery liberal terms for introduction, exchange and examination. 

IfISOM, BLAKEMAK, TAYLOB A CO., PaMMwn, 

NSW YORK and CHICAGO. 



Approved Text-Books 

FOR 

HIGH SCH OOLS. 

T H£RE arc no text-books that require In their preparation so much 
practical schoiaiship, combined with the teacher’s experience, as 
those compiled for use in High Schools, Seminaries and Colleges. The 
treatment must be succinct yet thorough ; accuracy of statement, clearness 
of expression, and scientific grad.ition are indispensable. Wc have no 
special claims to make for our list on the score of the Ancient Classics, but 
in the modern languages, French, German and Spanish, in Botany, Geol- 
ogy, Chemistry and Astronomy, and the Higher Mathematics, Moral and 
Mental Science, etc., etc., we challenge comparison with any competing 
books. Many of them are known t > all scholars, and are reprinted abroad, 
whi.e others have enjoyed a National reputation for many years. 

WOODBURY'S GERM A N COURSE Comprising a full series, from 
“The Easy Lessons” t > the most advanced manuals. 
FASQUELLE'S FRENCH COURSE. On the plan of Woodbury’s 
Method ; also a complete series. 

MIXER'S MAE UAL OF FRENCH POETRY. 

LANG UELLIER «* MONSANTO'S FRENCH GRAMMAR . 
HENNEQUIN'S FRENCH VERBS. 

MONSANTO'S FRENCH STUDENT'S ASSISTANT. 

MONSANTO & LANGUELLIER'S SPANISH GRAMMAR, 

GRAY'S BOTANICAL SERIES. 

DANA'S WORKS ON GEOLOGY. 

ELIOT A STORER'S CHEMISTRY. 

ROBINSON'S HIGHER MATHEMATICS. 

SWINTON'S OUTLINES OF HISTORY. 

WILIJSOX'S OUTLINES OF HISTORY. 

CA THC A RTS LITERARY READER. 

HICKOK'S WORKS ON Jf ETA PHYSICS. 

HUNT'S LITERATURE OF THE ENGLISH LANGUAGE 
W EL US' WORKS ON NATURAL SCIENCE. 

KERL'S COM PIi EH EX SI YE ENGLISH GRAMMAR. 

WEBSTER ' S A CA DKMIi ' DICTION A X Y. 

TOWNSEND'S CIVIL GOVERNMENT. 

WHITE'S DR A WING. 

TA YLOR-KVnSER'S GREEK GRAMMAR. 

MIDDLE'S ASTRONOMY. 

SWINTON'S COMPLETE GEOGRAPHY. Etc. XSs, 

Descriptive Circulars and Pi ice Lists will be sent to Teachers and 
Educationists on application. Liberal terms will be made fur introduction, 
exchange and examination. 

IVISON, BLAKEMAN, Taylor & Co., Publishers, 

NEW TOME mnd CHICAGO, 















